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FOREWORD

Thig report, which represents Dr., Almazan's doctoral dissertation,
ia the first in The University of Texas at Austin series to deal almost ex-
clusively with the turbulent structure of the sea breeze circulastion. Dr.
Almazan designed the experiment, obtained the observations, reduced the data,
and herein, presents his results. His statistical treatment of the data has
been carried out in a carefully conceived fashion. Particularly interesting

15 his use of a "red nolse" filter in the deteymination of significant spec-

tral peaks over the wide frequency range which was observed,
Even though Dr. Almazan has done much with his data, it should be
obvious that these data can be analyzed and interpreted in a number of ways.

As time permits, Dr. Almazan intends to do more with these data, and it is

hoped that others will find his spectras and assoclated statistics of value
in advencing our knowledge of the turbulent structure of the atmospheric
boundary layer. 7 .
The support for this study has come from many sources as indicated {
in the Acknowledgements. The major finsncial aid, however, haes come from the
National Science Foundation through Grants GA-367X1 and GA-16167. Becsuse
of en expressed interest in boundary layer turbulence and data reduction
techniques, Dr. Almazan was supported for a few months from funds provided
by the U. S. Army Electronics Research and Development Activity, Emvirommental
Science Depertment of White Sands Missile Range under Contract DA-29-0LO-AMC-
1802E, Meld support was provided by the Field Observing Facility of The

National Center for Atmospheric Research. The experiments were conducted on

L

land owned by Mr. James White of Stowell, Texas. His cooperation is also

gratefully acknowledged.

Norman K. Wagner
Co-Principal Investigator
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ARSTRACT

\§£896ctral and cross-spectral anilyses of horlmontsl wind componentsg
from date -~ollected by the mithor on an experiment gt the upper Texas ~-ast
are prasentedr:., Foe--experiment wes-part-of-theSeg-Bresze experiment. of 1568
conducted 'by";ﬁe Atmospherie Belence Group of The Wniiversity of Texses-ab
Augtin: The wind dets are from instruments mourbed at 1, 6.7, and 27 meter
levels on two towers. One tower was 90 meters from the coastline and the
other approximately 4.8 kilometers inlend on e lin: perpemndicular to the
coastline.

“ The data were recorded simultanecusly at both towers on analog tape
and digltized electronically. Dste samples snalyzed are from a continuous
lhhour experiment which covered the land and ses breeze regimes of the ses
breege phenomencn, including the transition period. The sampling periods are
approximately 17, 67, and 133 minutes.(‘Y%L‘

An sutocorrelation curve and spectrum are presented for each data
sample. The spectrum is analyzed assuming hypotheses of "white noise” and
"red noise.,” Confidence limits are placed on the spectral estimates. The
physicel interpretations of the results are postulated using G. I. Taylor's
hypothesis. Tur the nighttime land breeze, it was found thet the spectra of
ithe longltudinal or downstream component data et the lower levels showed more
energy at the higher frequencies than that of the lateral component. This was
postulated as being caused by mechanical turbulence. The lateral component
indicated long mesndering waves, Furthermore, an elongation of the eddles
with the wind was detected using the 67 minute samrling periods. The size
of the eddies was found to increase upward. Tue crogs-correlation of the
pame components between levels showed hipgher values laterally than downstream.

For the daytime samples, the varlance increased st the higher frequencles as
114
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solar radlational heating incrsesed. The downstream elongation was not d+tected
a8 local horizontal isotropy was approsched; furthermore, the horisontal pize
of the eddles did not incresmss apprecisbly with helght. The cross-corrslstion
o tue gems sopmcnarts beatseon lavels showed high correlation valuez laterally
and longitudinally. ¥rom the datk and the crosa-correlations, it wms indiceied
that the veering of the winds from & land 1o & sea breeze regime occurred at

the top level first and at the bottom level lami,

The apsctrs of the daytime onshore flow for the two locations are
compared. The distribution of the energy among the frequency ranges is
discussed for the three levels. The loaz of energy by the longer waves and
increage “n energy by the shorter waves as convection increases are digcussed

Por each level at both locations.
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I. INTRODUCTION
A, BStatement of the Problem

The geophysical phenomenon nown as turbulence has been the subject
of numerous investlgations whlch have led 4o theoretical and empirical tres~
tises by geophysicists, mathematicians, statisticlans and others in related
digciplines. The problem of explaining the naeture of tuxrbulence, like many
others in physics, can be approached in many ways. Some meteorclogists tend
to view atmospheric turbulence ms & microscale phenomenon, since this is the
most notilceable manifestation; however, departures from mean flow even on &
globel scale in the atmosphere are also manifestations of turbulence. In the
Pinal snalysis, these and intermedlate scales of turbulence are interrelated;
therefore, this attempt to describe the aspects of B particuler experiment
of wind measurement should have & bearing on other scales of turbulence.

The main pro.lem dealt with in this particuler investigation is
that of determining and anslyzing the spectra of the horizontal wind veloeity
in the first thirty meters of the atmospheric boundary layer.

The particular hypothesis to be examined 1s that there are changes
in the turbulent structure of the wind caused by earth surface characteristics,
thermal stabllity, and radiational cooling and heasting; and furthermore, that
thege changes can be detected by spectral analysis. The description of the
physical phenomenon then follows from the interpretation of the spectra.

The wind data are from wind instruments mounted at three discrete
elevations on two separate towers. The towers were situated approximately 4.8
kilometers (3 miles) apart on a line perpendicular to & coasstlinet one tower
about 90 meters inland from the surf and the other 4.8 kilometers (im) inland.

The location was on the Texas coast approximately 65 km northesst

of Galveston, Texae - an area charscterized by a long stralght coastline and

PR
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H flat terraln consisting of warshlard and grass., This wvas an ideal location
for observing the wind from the Gulf us 1t 1is modified by the land mass,

: Different types of flow were alsoc obtained bacause of the land-sea breeze

b

: phenomenon,

The experiment was part of a mejor meteorologicel undertaking by

the Atmospheric Sclence Group of the University of Texas at Austin during the

enpts

months of June and July, 1968. The experiment is described in Chapter II.
Varlious pheses such as the instrumentation, celibrations procedures, and data

reductlion are covered in detall.

The analyses and discussion of the data are given in Chapter III.

Datgs samples include offshore flow or land breezme, and onshore flow Or sea
breeze , with other dats samples covering the transition periods., Prior
studies of the ses breeze phenomenon on & mesoscale have been made in the :
same area by Hsu (1967, 1969) and by McPherson (1968). The study presentd
here is g microscale anglysis.
The spectral and cross-anslyses and the interpretations are also
given, The representations are discussed in detall. The results of the

snalysls are summarized in Chapter IV,

mnbditin o LR ek L B g

From the viewpoint of date gethering, this experiment uiilized
some of the latest techniques in the recording, digitizing, and data re-
duction phases. The method of observation is one of the foundations upon
which the final analysis depends; in this experiment, the use of electronic
tape recorders reduced the observer error and eliminated the inherent time-
lag response error of a mechanical chart recorder,

One year after this particular experiment, another project of a
much larger scale was undertaken by several federal governmental agencies, ’

universities, private industry, and National Center for Atmospheric Research

2




in the Barbados Island region, with the cooperation of the Barbsdos govern-
ment {Kuettner and Holland, 1969). The data-gathering techniques included
some similaxr tO the one described in this experiment. With the new Global
Atmospheric Research Program (CARP) in the plamnning stages (Charn:y, 1969},
undoubtedly other metods will be found to measure the physical phenomens of
the atmosphere and to interpret the resulis.
B. Atmospheric Turbulence
1. Statistical Deseription

The gecphysical problem of turbulence in the atmospheric boundery
iayer may be most convenlently approached by considering the earth's surface
as & rigid boundery which 1s heated during the daytime be solar radiation and
i covled at night by infrared radlational heat loss. This diurnal cyclic

process in turn heats and cools the adjacent air which flows over the earth's

surface. The immediate effect is the density gradient and associsted positive

or negative bouyancy created by the temperature differences resulting in the
rising or lowering of the alr. At this point other factors such as wind
velocity, roughness of terrain, and gravity become important.

In the laboratory, Osborne Reynold's familiar classlical experiment
of the stream of dye flowlng through a pipe showed that laminar flow existed.
until a certain value of the Reynolds number was achieved. Reynolds number
is defined by Re = Ud/v, where U is the mean velocity of the fluid, d 1s the

dlameter of the pipe, and v is the kinematic viscosity, i.e., the ratio of the

dynemic viscosity ! the density. Above this critical value, the character of

the flow becomes "dlsorderly” or "turbulent", causing the velocity profile,
which was & parabolic conic seztion during the laminar state, to change its
shape. The single streak of the dye 18 completely distorted downstream. This

phenomenon, which may be called mixing, cai.es an ever-increasing transfer of

A8
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heat and momentum dowvnstream from one layer to adjoining layers. According to
Reynolds, the composite nature of the flow is one of a mean motion. This com- )
plicated motion is of a random character; & specific "eddy"or fluctuation

cannot be predicted in space or time by an explicit mathematical formulstion.

POV VI 5 i ko
TR A l?ﬂ‘n'}?'f?f“:‘“ b ff“"FWf:’-ﬁ"?f?"‘ Iiﬂ w%

The concept of a mean motion with an eddying motlion superimposed on
it mey perhaps be restated as & stochastic geohpysical process. This may be
interpreted as a geophysicel phenomanon made up of a deterministic component
and a non-deterministic component, the mean motion being the determ’nistic

part. A deterministic process is defined es one which may be expressed by an

2w

explicit mathematical function, e.g., a sine wave. A completely non-determi-

nistic process represents complete chaos, e.g., s random process. In general,

all geopaysical processes are stochastic in aature, in the sense that even

orderly processes usually contain a non-deterministic component. -

RPN R )

Applying this concept to the atmosphere, a somevwhat laminar type of
flow mey be envisioned durlng the nighttime hours under clear skies and stable

thermal statlification in layers near the ground; however, because of the surfsce i

e TR

P roughness and varistions in the density of the medium, the layers lmmedlately

adjacent to the ground (lower boundary) are not laminar. This differential

Y SO N

density process is not present in the (Reynolds) laboratory experiment of the
dye streak and increasing fluld velocities. The problem then, albeit analogous,
is more complicated in the atmosphere even under uhe most favorable atmospheric
conditions.

Notwithstanding, the problem may be attacked from a physical point !
of view and the equstions of motion of an incompressible viscous fluid and the ‘
equaticon of continulty may be used as a foundation. :

If a geophysical realization such as an anemometer recording of the

wind velocity component, u, in the x direction of & Cartesian coordinate system
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is given, the realizatlon mey be sald to represent a stochsstic process., Thus
u m#y be represented by & mean motion plus a random or fluctusting motion, or

u =1u +u', The overbar represents s mean value defined by

T/2
Uslm & [ ult)a
T 4w ‘.'..Tf;‘?:

where T 1s the tlme interval of the realization and t 48 the time. The
fluctustion 48 represented by u'. (In order for the u' to be rendom, the
mean value of u’ must be equal to zero.) Similarly, the component in the y
and z directions, v ard w, respectively, are given by v = Y +vtand w=
Yo+ ut.

The turbulent form of the Navier-Stokes equations of motion may be

written in an Evlerian frame as

—— cm——

P%“’D-ﬁx*"gg (?m-puz-pu'e) +'§-3 (?xy-p?x;-p'{z_‘?r)
s (T - p U~ p TW)
p§§r=pf‘y+3§ (:r'w-p\—z"?-n?‘?r"') +§-3 c -D—‘;_e-pv'a)
+-a—:— ("'r"yz -p Y W-p V) (2.1)
p§%=p?‘z+a—-i (;xz-p?.'x;;-pu'w’) +-a-% (?yz-p'\-r'ﬁ-pm?)
*"a‘% (;zz-p:-a'pw_'a)
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where ¥_, F
XY

:?‘ r u_nj_t n . .- o~ . o -— -

pe mass, p 1s density of the medium, end Txy, Tzt Tyz and Tox? Tyy, T

are the mean tangential and normsl viscous stresses, The Reymolds stresses

, ?; are the external forces such as friction, gravity, Coriolds,
22

° (also called apparent or virtual stresses) are p.::§, p WY, puv', p ::E,
p w*e, and p v'w'. These express the effect of the veloclty fluctuations in
transporting momentum scross a specified surface in the fiuid.

It 4s important to note that these stresses sre in the form of

correlation coefficlents, for

)] =

A 2 et e AR 0 MRS Lot oy B 4 B S SR E‘Mﬁ&ﬁﬂ&iﬁﬁ‘éﬁm@; i g ..,,s:

RTIS

are the equations for the correlation between varisbles x and y, where 8. and
s gre the sample standard deviations. This shows that the virtusl stresses .
are proportional to the correlation coefficient between the components of
turbulent velocity sbserved at s fixed point in an Eulerian frame of reference.
G. I. Taylor's theorem (1921) showed that the dispersion of a group
of particles in a statistically uniform fleld of flow; l.e., one in which the

mean eddy energy p u'2 is constant with respect to time and space, ls deter-

mined by the magnitude of the veloelty variance of the fluctuations u'2 and

the nature of the correlation between fluctuations which act on the perticle

at different times.

Specifically, the Lagrangian correlation is given by

R(g) = 2l (s + €) (1.2)

ut
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and denotes the correlation of u' at times t and t + €.

Integrating Bq. (1.2} with respect tao £,

P N vy : w
W [ OR(E) a8 = [ wi(t) ui(t + E) a8
Q o]

t
=u'(t) [ ut(t +E)af * (1.3)
Q

=ut(t) X

where X is the distance traveled by the particle in a time t becasuse of the
eddy motion. Since

TR -4 & @
uf(t)X Z Gt X2 (1.4)
the Tollowing equation may be written:
— - Tt
=2 [ R(5) a& at (1.5)
Q o)

This shows that the distance travelled in time T by the particle is expressed
by T,:;E and R(§). Hence the diffusion of the particle is reduced to a sin-
gle quantity — the correlation coefficient between the particle veloelty at
time t and time t + 5.

If the time of diffusion + is smell so that the correlation 1s

essentislly still close to the initial value of unity, then by Kgs. (1.4) and
(1.5)
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and
= ¥ = 2 ¢ (1.6)

I the diffusion 1s in a stream of alr moving with velocity U and the
dispersion is observed at a distance x downstream from the source, then, by

substituting t = x/U in Eq. (1.6)

sz =V,:'-5
X

[§]

The analysis also yields a length It’ given by

—
T w? 2w [0 ne) ag
Q

or

1
L = «/ ut? [ R(§) ag (1.7)

when the irregular motion is such that a time t 1s found In which R(§) = O
for all § greater than to. This Jlength, LL’ is called the Legranglan integral
scale (lergth). According to Taylor (1935, p. 425), this “...bears the same
relationship to diffusion by turbulent motion that the mean free path does to
molecular diffusion.” Taylor (op. cit.) showed that the theory of the "scales"
of turbulence could be applied to either the Lagrangiasn or the Eulerian con-
cepts of fluid flow. His method was first used by Mr. L. F. G. Simmons

(Taylor, 1935, p. 4hl; 1937, p. 499) who used a wind tunnel to find experi-

mentally the correlation between the turbulent components of velocity u and

8




uy at two polnts a distance y apsaxt amcross the direction of flow behind g
honeycomb with square wire mesh grid. Statistically, if the correlation R(y)

. is plotted against y, the curve should represent the distribution of u along

Ior e UT Bl VA s SO st =TT

the y sxis. If the points are many "eddy” diameters apart, the correlation
should drop to zero. At this point of zero correlation, an integral "scale"
1s defined by L = fy R(y) dy, referred to by Taylor {1935, p. 426) as the
"average size of theoeddies" in an Eulerian system.

Thus, the two scales defined are

L, = fy R(y) ay (length) |
o]

L =«/ w? j‘t° R(g) 48 (time)
0
where LL is the Lagranglen integral scale of Eq. (1.7).

Later, Simmone and Slater (iluylor, 1938) showed how the energy of the
fluctuetions could be distributed amcng the motions of different scale lengths
or eddy diameters, l.e., the existence of a spectrum of turbulence. In his
article Taylor (op. cit.) discussed the "connaxion between tﬁe spectrum of
turbulence measured st a fixed point, and the correlation between simultaneous
values of velocity measured at two pointe." This is expleined in the following
section.

2. Spectrun of Turbulence

The plots of x and y wind components shown in ¥.g. 1.1 are examples
of actusl values of the raw data obtained in the field experiment to be des-
cribed in Chapter II. Note that the fluctuations appear to be random; i.e.,

there are no discernable periodic components in the deta.
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If the x-component of eddy velocltles 1s reaolved et a fixed point

r—npae

into harmonic components, the varlance u'2 is the sum of the contributions

itars

from all frequencies. This value u*2 ie a measure of the average level of
turbulent energy cver all freguencies involved in the turbulent motion,

Between the frequencies P and f + df, there 13 some energy fraction.

P e

Therefore, if the total energy is given by u'> , than u'> F(2)df 1s the energy

P g

contribution to u’2 from frequencies between £ and £ + fd. Thus

j‘ F(£)af = 1.
O
Also,
;Té =j‘ " ur? F(£)ar (1.8)

A form of the spectrum curve 1s obtained if the apectrum function F(£) is
plotted mgainst frequency f.

By definition, Fourler integrals are definite integrals which repre-
sent an arbitrary function in en unlimited interval (Carslaw, 1950, p. 311).
To show that :'_2 45 the sum of all contributions, the Fourier integral and e
form of Parseval's theorem are used.

Let u' = @ (t). The Fourier coefficients are given by

I (£) =% j‘m # () cos 2 m £tdt
e (1.9)
12(1’)=%f g (t) sin 2 7 £tat
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and therefore,

» at = ¢ (¢) =2 ﬂflll(f) cos 27t + Iz(r) sin 21 rt_} ar (2.10)

Perseval's Theorem states:

1n 2 ‘i 2 2
= P 2
n .ia ¢ (t) at 5t Eml @ +1v0) (1.11)

Applying the theorem to Eq. (1.10),

1‘: [n» (t)]z at =21 ‘f: [;’f + Ig] ar (1.12)

If the integrals in Eq. set (1.9) and the left gide of Eq. (1.12) are taken

over g long period of time T instead of Infinity, then, for & constant variance

v
N B « e Y LS

of velocity fluctuations,

- o ‘

[ um A2 ar (1.13)
oT+=

¢ (8)2 = w2 w2 P

Lt s < b g At T it

Comparing this result with the turbulent spectrum of Eq. (1.8), we can write

2 2 Ii + Ig 5
w® K2) =2 n° lim i (1.14) !
T e

1 —

o
L = 2 45 the contributions t» u'" from the

components of frequency between f and f + 4f.

where the quantity 2 112 1im

At this point, a general interpretation of the spectrum curve and
the correlation curve obtained from a geophysical realization such as the afore-
mentioned (Fig. 1.3) plots of the x- and y-components of wind velocity will be
given. Two general cases are considered; namely, (1) variations from small

eddles carried by the wind stream (of mean velocity U) past a fixed point, and

(2) variations from large eddies carried by the wind stresm.
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For the first case of small eddies, the energy should be confined
more +o the high frequencies; therefore, the spectrum curve should show higher
energy contributions in the higher frequencles than in the case of the larger
eddfes. However, the correlmtion function should be just the opposite in that
the case of the longer eddles show higher correlations et longer lag (time)
periods than in the case of the smaell eddies. This is easy to conceive, slnce
the fluctuations in the this case are more rapid. Also, this should result in
high correlation & short distance x from the fixed point and decreasing corre-
latlon as X incremses away from the polnt of measurement.

Taylor (1938, p. 478) assumed that if the wind veloelty which carried
the eddles was very much greater than the turbulent velocity, the changes in

u! at the fixed p:int were due to an unchanging patterm of turbulent motion

over the point, or

w? = ut(t?) = ut(x/0)

where U 1s the mean wind velocity. Note that the ratio u! [T+ 0 as U increases.

Asgpuming this is true for smgll values of the ratio, then

R(t) = ut{t) u'(t +t')

u‘2

snd

R(t) - u'(L) u! ('t + J@_
2

ul

13

|

.

b0k 52

ot b

. 4 e il o WA, e

gyl AR




e r:'-“?“?ﬁﬂ"'f”‘"‘:{i B |

: d 12 + I2 *
& wt{t) ui(t + x/O)= 2 [ inm 1 7 2 cos(2mPE)ar
0 Ta4w . U
(1.15) :
and from Eq. (1.1h4),
w'(t) ut(t + 2/0) = u? [ B£) cos (2npl)ar (1.16)
0 U
Thus
[ ]
W =[ F2£) cos (2m Fd )ar (1.7
u'2 2 u §
oY

R(x) = .f‘m F(£) cos (2 nFE) af (1.18)
o) i

By Fourier transforme the Fourier integral, for f(x) an even

function, may be written

Cadeny. Mo s, Mo 48R E e o SSked Bt

2 *

2(x) = g (p) cos pxdp :

Nem ‘ro

(1.29) %

2 :

g(p) =-—-——--f £(x) cos pxdx :

V 21 o

*This discussion follows essentislly Hawrwitz (1968). ‘5
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£
|
i Substituting the Ffollowing valies in the above equationst
i 2y ¥ T
! p = EE | Hy) = R(x), end g(p) = LEL) :
5 2van ‘
¥ Eq. set (1.19) becomes
-
R(x) = [ F(£) cos (2w F¥) ar
i ) )
' (1.20)
. =
H F(f)-éf R(x) cos (211F_3§)d1‘
U o U

Therefore, R(x) and the spectrum function :J___F,S_l__f_ are Fourler transforms of
2n

one another; that is, i1f the correlation function of the values at time . and ‘

at time t + t' 1is known, the spectrum function may be found, and vice-~versa.
3. Scales of Turbulence

The two scales derived by Taylor were the lagrangian integral scale
—— -] -]
given byL, = ut® [ R(£)ag and the Eulerian scale given byl =j‘ R(y)ay.
e o
The Lagranglan scale was derived as an anology *o the mean free path of mole=

cular motion; the Eulerian length scale was interpreted as & possible "mverage

size of the eddies.” Another scale which msy be obtained is the Lagrangian

(--)
time integral scale given by t; = fo R(E)dE,
The correlstion functlons computed from the data obtained throughout

the experiment to be described in Chapter III were such that the Eulerian time
integral scale is glven by

ty = j: R(t)at (1.21)
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|

The existence of such en Integral scale 1s sufficlent to imply an ergodic

Agmr

process. Thils 1s besed on the equality of the ensemble average and the tempo- J
ral average of any member of the ensemble which may be found as £ollows!

Given s stationary ensemble of stationary functions uit), the ensenmble average

T

of u(t) 1 the expected value E | u(t) |. The time or temporsl aversge is

e |
'-’-"1‘/2 ult) 4t

[
+ B
i

The condition that these aversges be the same may be met by requiring that
the ensemble average of the square of the difference between the two averages

converge to zeyo; that is,

~

EH% _{iﬁ u(t)at - B | u(t) l]zl-»o as T+ o (1.22)

Lumley (1962) hes shown that a suffiocient condition for the expected value to

it

converge to zero is that the integral obtained by expanding, interchanging
integration and enseuble averages, and noting that the correlations R{(t) = R(-t)

fram Eq. (1.22)

T
[ (- %) Rt)dt 2 0as T = (1.23)
o .

where R(t) ie the correlation coefficlent, converge to a finite value. If
«

J‘o R(t) dt = t_ exlsts, which is some finite time interval, then the integral i

E
in Eq. (1.23) has a finite value.

The Fourler transform pair of the Eulerian space correlation R(x)

and the spectrum function M(f) given in Eq. set (1.20) were




o et SRS @V@W,W ; ,
i

i
f
H
]
|
1
1

[- -]
R(x) = .ro P(2) cos .e._ﬂ:?.ﬁdf
u

z F(f) ﬂ:’!: Jﬂﬁ(x) coﬂ?ﬂﬁ?xdf

§ U s

From Taylor's hypothesis, t = x/U, where t is the time, x is the distance

’g between two points &nd U 1s the mean wind speed

.

! R(t) = [ P(f) cos 2 n Feat

: o

i (1.24)

-

¥z) =4 [ R(t) cos 2 m Ptat

N o)

i

. -4

. At frequency zero, F(0) = 4 r R(t)dt, and from Eq. (1.21), F(0) = b, This
o

states that the Bulerian time :utegral scale 18 equal to one-fourth the zero
intercept of the spectral estimate., This zers frequency corresponds to a vave
of infinite length (& straight line), which implies again that the integral
scale must exist and De finlte; ostherwlse the eddy energy in the ataosphere
would be infinite (Munn, 1966 p. 76).

Panofeky et al (1958) have shown that R(t) and R(x) are nearly equal
for low levels of turbulence intensity, which 1s given by the ratio of the
standard deviation of the wind speed and the mean downstream wind velocity.
The reletionshipa between the Lagrangian and Eulerian spacial and temporal
correlations are more complex, and only a few studies of these have been made,
Corrsin (1963) found that the Lagrangiu: time integral scale is roughly equal

to the Bulerian length integral scale divided by the root-mean-square velocity

at high Reynolds numbers. Similarly, Eulerian time scales give values approxi-

, mately equal to the lagrangian scales.
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A basic method of viewing the relationships is to follow Taylor's
hypothesis. The Legrangien time scale t. 1s given by &, =L L/u' whereL , 1s the
Iagranginn length scale and u' 18 the eddy velocity; the Eulsrian time scale is
glven by 1y =L E/ﬁ whare L g 1# the Eulerian length scale and T 18 the mean
velocity. The ratic of tL to ty should be lnveramely proportional to the ine

tensity of the turbulence, I. This may be writien as

f-;-‘a-as:UItL
tg Le

Pé.equin (1963) also showed thet the Bulerian autocorrelation R(tE) 18 equal
to the Lagranglan autocorrelation R(tL) when B ty = B tg.

The baslc theory upon which the spectrum analysis of the wind compo-
nents 1s based has been presented in the gbove discussions. Interest now can
be centered on two main aress; namely, (1) obteining the data to be analyzed,
and (2) applying the necessary statistical operations end recent developments

in spectrun analysis to get meaningful information.
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IY. EXPERIMENTAL PROCEDURES
A, Location and Descripbion of Site

The experiments were conducted by the Atmospheric Science Group of
the University of Texas (Avstin) on the Texse Gulf coast approximstely forty
wlles northeast of Galveston, Texass during the wmonth of June, 1968, Fig. 2.1
i8 a wap of the area. The coastline is nearly straight for more than forty
miles; inland, the terrain 1s flat, rising only approximately ten feet in
fifteen miles perpendicular to the coast.

Two telescoping towers were erected, each 30 meters in height when
fully extended (manufactured by the Rohn Co.,; ons wes located approximately
93 meters from the beach and the other 4.8 km inland on & 1line perpendicular
to the coamst near the Intracoastal canal shown in Fig. 2.1. (Henceforth, the
towers will be referred to as the "Beach" tower and the "Cansl" tower.) The
only vegetation between the two towers consisted of different types of grasses
about one-third to nearly one weter in height. The Canal tower was erected on
& clearing msbout 10 meters in diameter. Otherwise, there were no structures
or obstacles to interfere with the wind flow between and around the two towers.

B, Description of Instrumente

1, Wind sensorsi The wird direction and wind speed sensing instru-
ments utilized thoughout the experiment were, respectively, Gill microvanes
and (G111l 3-cup anemometers manufsctured by the R. M. Young Co. Some of the
specifications (nominal values) furnished by the manufactura: are as followsi

Microvane: Model 12301 - delay distance (50% recovery), 0.95 m

damping ratiz, 0.4k
maximum overshoot for sinusoidal fluctuations, 25%

construction - aluminum &lloy with foar polystyrene fins
dimension - 72.5 cm

3=cup anemometer: Model 12101 - distance constant (63% recovery) = 2.8 m

threshhold sensitivity with tachometer generstor 0.45 -
0.54% mps

19
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The power supply translators were built by My, Tom Phillips of the Atmospheric
- Sclence Group of the University of Texas.
The time constant of a geophysical transducer msy be defined as the

o, period required for the transducer to respond to 63.2 percent, {(1 - 1/e),

N ~ vhere e =z 2.718] of & step change in the signal, In thie cmse, the geophysicsal
vhenomenon is wind; therefore, a more appropriate term "distance constant” is ;
used 1o descrite the nominal performance of the instrument, The dlstance con-
stant of a wind sensor 1s defined es the length of air column required to
cauge the sensor to respond to 63.2 percent of the square-wave change in

speed, Thie term more sptly describes the performance because 1t 1is indepen~ ¢

dent of wind veloclty; e.w., 1f the time constent were 3.0 seconds for an
instrument teken from still air to an environment of 3.0 mps, then the same
instrument would have & time constant of only 1.5 seconds 1f it were taken
from 8111l air to a 6 mps wind speed. In each case the same length of air
must pass for the stepwlse change of 63.2 percent. From the speclfication
glven above for the anemometer, a wind speed of 2,71 mps would give 63.2
percent change in one second.
2. Temperature Sensors

The wet bulb and dry bulb temperatures were measured by bead
thermistors housed in a device developed by the Atmospheric Scilence Group
at the University of Texas. The wet bulb temperature sensor was covered with
an elongated muslin wick which had one end lmmersed in distilled water.

The thermistors were accurate to + O.lO Celsius and hed & time con-
stant of approximately one second. A squirrel-cmge fan wes used Lo continuously
aspirate the system internally where the sensors were mounted.

A complete sounding was taken every eight minutes. This slow ascent

or descent of the device gave smple time for the sensors to adjust to the

21




environment and record representative readings since the ascent-descent
valceity was about 5 cm per second.
3. Recorders

The D. C, signals of the wind direction end wind speed sensors were
recorded on elight channel Precision Instrument analog tape recorders, Model 6£100.
One recorder was used at each of the gites. The number of available analog
recording channels was the limiting fuctor on the number of wind measursment
levels recorded. Simultanecus recordings of wind speed and direction were
obtained for the 1l m, 6.7 m, and 27 m levels at both towers. One of the
channels was used to record reference pulses, the other for volce recordings
of time and tape footage for reference. All recordings were made &t 0.375
inches per secord, all-wing nearly 1b hours of continuous analog recording on
s standard 1800-foot reel of magnetic tape.

The wet bulb and dry bulb temperatures were recorded on Esterline=-
Angus Graphic Ammeter strlp chart recorders. Reference marks for time and
tape footage coincided with the volce recordings on magnetic tape. These strip
chart recorders elso show the position of the instrument package by a separate
side marking pen for the top.a.nd hottom polnts of the temperature package
cycle.

The tape recorders and strip chart recorders were installed in mir-
conditioned ven=type vehicles. The air conditioning and fans were installed
to cool and circulete the alr inside the vehicle as a precaution against
malfunctions of the tape recorders. This was & necessary measure since the
site was located in humid marshland end the experiments were conducted in
June,

C. Instrumented Towers

The wind directional vanes and 3-cup anemometers described in Secticn

22
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B were mounted on the Beach tower on 2 meter long seluminum boome &t 1.0, 1,9,
3.0, k.5, 6.7, 11.7, axd 27.0 meters above the ground. At the Canal tower the
instruments were mounted at 1.0, 3.0, 6.7, 11.7, and 27.0 weters on 5 seperste
booms. The booms were placed on the towers so that any interference induced
by the tower structural members would coincide with the approximate S-degree
elecfrically open zone of the potentlometers in the wind vene as shown in

Fig. 2.2, Any expected interference would probably occur when the winid was
from g north-northeasterly direction.

Only three levels were sed for the turbulence measurements described
in this report; these were the 1.0, 6.7, and 27.0 meter levels.

The dry and wet bulb temperature sensors described in Section B
were mounted on a rope-pulley mechanism which ralsed and lowered the sensors,
completing one cycle every 16 minutes from 1.5 meters to 25.3 meters.

D. Instrument Celibration

The G111l Microvanes were calilbrated in the laboratory at the
University of Texas st Austin prior to the experiments. Calibration curves
for mierovene #l. 1s shown in Fig. 2.3. The calibrations were repeated Jjust
prior to mounting the instruments to insure that no demage bad occurred in
the packing, transporting, and unpecking. The wind speed calibrations of the
3-cup anemometers made in the laboratory and prior to conducting the exper-
iments were limited to a single maximum output calibration at 1800 RPM (equal
to 22,35 mps) listed in the specification. The maximum output voltages for
tupe recordings were set at 1.000 volt (+ 0.005), which equaled ~ 9 mpe, since
no speeds higher than this value were anticipated. After performing the ex-
periments, the anemometers were checked again for the calibration value at
1800 RPM, Wind tunnel calibration measurements at the low wind speed values

were made using s hot-yire anemometer as a cross-reference. The regression
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curves were computed for each of the microvanes and esch of the anemometers

using e least-squares technlque. Table II.l1 shows the regression equations

for the six sensors used in the tower experiment. The equations are of the

ko

form y = mx + b, where b is the y imtercept, m 1s the slope, and x the abscissa.

All data pertaining to a particular sensor were reduced using its

respective calibratlon curve.

I FET RS o 8 41

Teble II,l--~Regression
Equations for Wind Sensors

Microvane No, o 3-cup Anemameter s

(x in degrees of arc, (x 4in meters per second, 3
¥ in volts) vy in volts?e

1. y = 0.004008x - 0.1050 y = 0.1555x% - 0.01115 ;

2. y = 0.00407Thx =~ 0.1005 ¥y = 0.1587x - 0.02388 :

3. y = 0.004028x -~ 0.1171 ¥y = 0.157Tx - 0.01625

4, y = 0.003911x - 0.0843 y = 0.1632x - 0.03957 i

5. y = 0,003976x ~ 0.0975 ¥y = 0.1516x - 0.01067

6. y = 0.004026x - 0.0995 ¥y = 0.160Tx - 0.02661

[

E., Analog-to-Digitsel Conversion 'i

%

e The time serles of signals recorded in the fleld experiments were :

digitized in the laboratory using the equipment shown in the block diagram, ¢

FMg. 2.b. !

The two other speeds were available for playback, namely 3 3/4 and
7 1/2 ips. The analogue to digital voltmeter (Dena model 5403) coupled with
the digital tape recorder (Precision Instruments Model 1167) hsd & sampling
rate which could be varied up to 4O samples per second. A low frequency
cscilletor and trigger generator (square wave) were used to control the sample
rate; these are shown &s the sample rate generator in the block dlagram.

In order to reduce the time of digitizing, a playback speed of 3 3/k
ips was used with a sampling rate of 5 samples per secomd. Since this speed

is 10 times faster than the recording speed, the real time was 100 seconds of
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digitized dats for 10 seconds of digitizing time. AL & rate of 5 sauples per
second, the real time sampling rete equaled 0.5 samples per second, or 2 seconds
per sample., This is the sampling used throughout the entire set of digitized
dats samples, although other sampling rates were tried to test for ailssing.

The speed of 2 geconds per sample was found to Le the optimum., The Speedomax

W recordsr (Leeds and Northrup Co.) shown in the disgram as the Chart Recorder,
served both as a secondary signel monitor and as & quick deta record. With 1%,
the performance of the tape recorder could be monitored, and the geophysical
signal plot served ag a reference for actual visual interpretations of the
sigals end permanent records. Interpretations of stationsrity, best intervals,
and instrument behavior were valuable as first approximations by use of these
charts.

The problem of alissing 1s always present when analog records are
digitized, The digitized data or dats sample are sald to be aliased if under-
sampling occurred in the digitizing of the data. Fig. 2.5 shows an example
of aliasing. A slgnal with frequency of 4 Hz is shown by the s011d line. The
cireles deplct the sampling points, giving an apparent frequency of 1 Hz as
shown by the dotted line.

Mathematically, if h 18 the gampling interval, the Nyqulst frequency
1s given by f o = 1/2 h. This frequency 1is the highest frequency that may be
detected with data ssmpled at intervals h. All other frequencies higher than
fN will be "Folded" into a lower frequency between zero and 1/2 h.

There are essentially two ways of avolding this aliasing probvlem.

One is to determine the sampling interval h prior to digitizing; the other is
to pre-filtei: the raw data to remove the frequencies higher thanrN. The first
method has been used throughout all the samples used in the experiments.

Angther point to be considered 1s that the time serles obtained
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pro,

were from physicel instruments shich had irherent inertia, These Lime serics

are said to be "Band-limited” for no frequencies higher than a certain mastmum
Preguancy fg are contained. Thls freguency fo is determined by the frequency

response of the instrument. This feature then facilitates the task of Tinding
the Nyquist frequency because, for a given set of atmogpheric conditions to :
be measured, I = I, This frequency may be found (approximately) by using
the specifications and calibration datm of the instrument.

Another problem to be considersd initimlly is one of whether to :
make apalog recordings or to digitize directly from the gensor, for the latter ’
ils less time consuming and more direct. The problem involves the proper
sampling rate; undersempling causes aliasing problems and oversampliing is
inefficient. The matter of convenlence of the direct digitizing method
sacrifices the optional sampling rate which ie the main advantage of the
analog method. For example, 10 to 1k howrs of recordings might be made of g
gecphyslcal process such as the wind. Afterward, the digitizing interval
might be varled to test for aliasing s~ to find the optimum rate, If con-
siderable changes occur, such as wind speed of 2 mps gradually incressing to
10 mps, the optimum sampling rate will differ in each case, and can be readily
chenged. On the other hand, for a direct digitized record, the sampling
rate or rates have been fixed, and cannot be varied. Constant monitering
by the investigator is needed when the data are being recorded in order to
change the sampling rate if required.

F. Data Reduction

The analog records on magnetic tape were first played back and
recorded on strip charts using the Speedomax recorder. Time "hacks" and
footage were noted on the strip charts for reference marks., One set of data

from a tower thus required six different strip chart recordings. Appendix A,
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Mg, A.l, shows a sample from the beach location for June 11-13, 1968, The
records were then examined for any instrument malfunctions and power fallures
which may have ocourred. More important, however, wes the actusl first
approximation of any obvious trends. Alsc, since wind statistlcs were to be
computed, different sample domains could be obtained by visual cbaervation

of the record, For exsmple, the gross statistics such as second moments about

f
R R Hééi»-an;mg;}j. 4 it ks ’Lﬂk“&&&% VIS g%,% :

7 the mean (variance) would be differemt for stable atmospheric conditions as
) compared with unstable conditions, for two different populations are involved.

Although the statistics could be computed, bimodal distribution and other
By a visual inspection of the data, "best”

configurations could result.

sampling pericds may be obtained.

Once the sampling periods of records were determined, the analog
records were digitized by playing one channel at & time through the DANA
digitel voltmeter. The sampling interval was determined by means of an
electronic clock mechanism as ehown in Fiz. 2.4. The reference pulses on
ope of the channels served es starting "marks" for the digitizing of all the

channels, since the starting points had to be exmet, Strip chart recordings

were slso made during the digitizing process. An oscilloscope was also used

as 8 visual monitor of the output signal, since the Sveedomax recorder had

an inherent time delay and high frequency interference could not be detected

as readily as on the oscillloscope.
The mmber of data points in each sampling record was between %200

and 6400; thus & comtinuous record without inter-record gaps or end-of-files

vas obtained for 8400 seconds (140 minutes) up to 12,800 seconds (213 minutes).
The half-inch megnetic tapes with the discrete data samples were

then processed “n the Control Data Corporaticn 6600 computer at the University

of Texas Computation Cemter. Additional checks were rade on the quality of
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the data. Thease weres

(1) The digital voltmeter occcasionally quentized a value of 9.9%9
volts, In & record of 500 samples, about 4 of these 9.999
values would be found. Rather than compute a statisti-al
analysis of the adjoining points to subgtitute for these
high values, the two adjoining velues were simply added and
divided by two. The result wes substltuted for the high wvalue
in questlon.

(2) The number of dats points selected for each data sample was
LOOG. The dats sample of 4000 was teken from the 4200 to £400
data points at a "best" interval to insure some degree of
stationarity for the data samples.

(3) Certain eegements of the deta were plotted and compared wiik
the strip chart records to check for ellassing. The raw data
were then converted ints wind direction in degrees and wind
speeds in meters per second. The individual calilbration curves
obtained by the linear regression best fit were used for each
of the data points from a particulsr sample. The vaives Ob-
tained for wind speed and direction were printed out for

further visual inspection.
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ITI, DATA AWALYSIS AND DISCUSSION

A, Data Samples

The date samples for the study are taken from a continuous experl-
ment wnich began at 2200 CDT on the 12th of June and ended on the 13th at
1300 €DT, Thias continuous run kelped insure that the instruments and equip~
Tent &1l were calibrated the same since daytime and nighttime compesrisons were
to be made. The data samples and the code to be uged throughout this chapter
are as shown in Table III.1 for evening eamples and Table XII.2 for the day-
time samples,

The evenlng samples sll occurred during s land breeze. The differences
between them sre the sampling periods and the time of observation, The daytime
samples are more diversifiled In that the sea breeze phenomenon exlsts during
the perl.d encompassing the samples, first at the beach and later inland.

The land-ses breeze clrculastion ideally occurs under certain condl-
tiong, one of which is that during this perlod the aree surface winds should
not be otrolled by a synoptiﬁ flow pattern. Durding the evening when the land
surface cools by radistion, the sca surface, because of its physical charac-
teristice, maintains a more constant temperature. Therefore, the alr will flow
from lend to sea. This land breeze 1s characterized by very light winds,
usual’ less than 5 mps.

During the morning daylight hours, as the land surface becomes
warmwer than the sea surface, the flow is reversed. This reversal of the wind
flow 1s usually cheracterized by veering (clockwise turning} of the wind with
time. The daytime samples were taken during the veering of this wind and 30
minutes after the wind veered from ENE to ESE., Hsu (1969) has made a mesoscale
study of the ses breeze using data cbtained gprevicisly with surface observations,

radiosondes, pillot balloons, and aircraft observations. A gtudy of the lamd
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Table III.l. Evening Cases Investigated
All land Breeze Occurrences

. Date snd Period Sampled '

. Code Time (CDT) (sec) 2

5 Beach Night Canal Night ;

o B} I-BN I-CN 12/2013-2230 1000 Z

) II-BN II-CN 12/221 32320 Looo :
III-EN III.CN 12/27320-13/0027 Looo

IV-BN IV-CN 12/2213-13/0027 8000 !

Teble III.2. Day Cases Investigated

Date and Period Sampled

Code Time (CDP) (sec) Remarks
{Beach Day)
I-BD 13/1000-1017 1000 Easterly Flow
II-BD *3/1017-103h 1000 Baginning of Sea Breeze
III-ED 13/1005-1022 1000 Beginning of Sea Ereeze
IV-1D 13/10h7-110h 1000 20 min after Sea Breeze Started
V-ED 13/1103-1120 1000 Same time as Canal IV-CD
VI-BD 13/1000~llOT 4000 Bezinning of Sea Breeze
VII-BD 13/1103-1214 Looo Sea Breeze Regime
(Canal Day)
I-CD 13/1103-1120 1000 Land Breeze Regime
II-CD 13/1155-1212 1000 Beginning of Sem Breagze
III-CD 13/1236-1253 1000 30 min after Sea Breeze Started
IV-CD 13/1102-1210 4000 Land Breeze Generally (Same time
as Beach)
V-CD 13/1155-1302 Loon Beginning of Ses Breeze
VI-CD 13/1210-1317 4000 Sea Breeze Regime
" VII-CD 13/1103-131T 8000 Land and Sea Breeze Regimes
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E breeze in this same aream has been made by Feit (1969). McFherson (1968) des-

- ¢cribes the sea breeze with a 3-dimeneional mmerical model.

i
i
3
ki
i
E
3

In order to perform the analysis of the horizontal wind components

[N TR

the digltized data in the form of wind speed, V, and wind direction, 8, were

oD

T ) transposed to horizontal components X and Y by the orthogonal transformation :

X = |V| sin (8 + m)

Y = |[V] cos (8 + m)

The X is positive for a wind from the west, and negative for an east wind; ¥

is posltive for a wind from the south and negative for & north wind, Thus,
conventional vector notation sgrees with meteorologlcsal convention since g
resultant vector is 180 degrees from & resultant wind vector. The statistics
for a bivariate normal distribution (Crutcher, 1957) were computed for these
components; a graphlcal representation of these statistics is shown in Fig. 3.1
for a hypotheticsl camse. The conle section with g vector radiue equal to the
standard deviation theoretically contains approximstely 63 percent of the (X, Y)
coordinates or, adding 180 degrees to the vector angles, this ellipse contains
63 percent of the wind origins. The ellipse is obtalned from the various
statistical parameters computed as shown in Appendix D for *l.e x- and y-com-
ponents.

The sample records then were grouped into 500 deta points each by
taking 500 samples for the 1000-sec periods (1 sample per 2 seconds), arith-
metically averasging 4 consecutive samples to get 500 samples for the 4000 sec
periods, and averaging evsry & for the 8000 sec perlods. A few examples of
these 500-point records for the x- and y-components are shown in Apperndix B
for daytime and evening casee. Statistical frequency distributiona were made
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of the sample records and & chi-square goodness-of-f£it test for normality also
was made (Appendix C). The bivariste gtatistics computed are shown in Appendix
D.

Before computing the spectra, the coordinste axes were rotated to

coincide with the resultant or mean wind vector by the tranformations

u=Xcog @ = Ysinb

v=X8in8 + ¥ com B

where 0 1s the angle of rotation. This was done in order to obtaln a down-
stream wind; that 1s, a mean wind parsllel to the x~axis. Taylor's hypothesils
¢ould then be applied. Therefore, the downstream, or longltudinal, wind is
the u-component and its mean value 18 the mean wind speed. The cross wind, or
lateral wind, is the v-component and has a zero mean value.
B, Spectrum and Cross-Spectrum Anslysis Formulae

In Chapter I, the development of the statistical theory of turbulence
showed the relationship between the autocorrelstion function and the modified
spectrum function. The spectrum analysis technique, as performed on the data,
is a falrly new development. According to Tukey (1968), the beginnings of
modern spectrum analyveis were developed independently by hlm and by Bertlett
in the lste 1940!'s. More recent developments include the utilization of the
"past Fourler transform” (Gentlemen and Sande, 1966).

The Pollowing formulae are essentially those of Blackman and Tukey
(1958) and Bendat and Plersol (1968). Some of the problems involved in obtain-
ing the spectral lines, such as aliasing, stability, truncation, etc., have

been investigated by Eddy, Duchou, and Almazan (1968).

~n

Autocovariance Functiont This functior gives the dependence Y
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value on the nelghboring values. For a purely random series the values gre

independent and no ccrrelation is Pound; hovever, when the measurements gre of
a geophysical signal, there will ncrmally exist some correlation between the
values of x(t) at time t and time t + T, where T is the lag. The autocovariance
function may be expressed by 3

@

c(r) = J‘m [ox(t) x(t + 7) ax(t) ax(t + 7) (3.1)

-0 =i X

for a stationsry time sexrles. From the ergodic hypothesis, ensemble aversges

are equal to time averages, hence Eq. (3.1) may be written
, I/2
¢r) =1m [ x(t) x(t +7) a (3.2)
T+« ~ .T/2

The autocovarisnce CO(r) and autocorrelamiion function R{t) are related by the
ratio R(7) = C(r)/C(0) where C(0) is the covariance at lag zero. This form shows
that division by ¢(0) 1s equivalent to normelizing the covariance because the
covariance at lag zero is equal to the varlance. All the raw data were *
initially normalir~d by the procedure z = (x - ;)/sx where s_ 18 the sample
standard devlation.

The form of the summetion equation used in the computations is

h=k

1 —
=5 ) W ek k=0, 1,2 oo, M(3.3)

N=1

R(t) =

vhere M 1s the maximum lag. The value for the maximum lag was taken as 10 per-
cent of the total number of data points.
Spectral Function and Estimate: The raw spectral estimate for normel-

11ized discrete data with a mean of zevn may he given hy
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M-l
6 (£) =2 h[ R(0) + 22 R_-cos ("r; S Ry cos (EEH) ] (3.%)
r=] N

where h is the sampling interval, fN the Nyqulst frequency, M the maximum lag,
and r = 0y 1, 2, «asy Mc The raw spectral esiimates were computed for the nor.
malized data by using the following form

M-1
Gx(f) = 21'1[ R(0) +Ez Rr cos ";k +(-l)kRM] (3.5)
r=l

where k = 0, 1, 2, ..., M, the harmonic corresponding to the frequency f =

k¥

N
This glves the spectral estimate at discrete freguencles for the positive and

negative sides of the two-sided spectrum.

Smoothing of Spectral Estimetes:

There are seversl "windows" which
are used in smoothlng spectral estimates.

One of the simplest is "Hanning",
nemed after the Austrian meteorologist von Hann who smoothed meteorologlcal

data (but not for spectrum analysis) by using the coefficients. (Other windows
sometimes used by spectrum analyzers are Hamming, Parzen, and Bartlett, plus

cthers.) The Hanning lag window welghting function may be defined in terms
of a multiplier given by

D(k) = (1 + cos T k=0, 1,2 «o0, M
=0 k>M (3.6)

Using the spectral estimates of the data obtained by Eq. (3.5), the
equivalent smocthing of the estimates w:re computed by
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o 0.5 Go + 0.25 Gl

' =
Gl 0.5 Go + 0.5 Gl + 0.25 G2

(3.7)
1]
Gp = 0,25 G, +0.5G +0.25G, . k=2 3, .0, M

GI:I=O'5 Gml’*'OaS GM

Crogs-covariance Function and Estimate: The cross~covarimnce func-

tion for two sets of dats x and y is a measure of the dependence of the values

of x on those of y. The cross~covarisnce estimates for a dats gample may be

taken exsctly as for the gutocovariance function given by Eg. (3.1); that 1is,

c_. (7) Um
a4 T @

/2
#(t) y(t + 1) at (3.8)
2

w3l
L
=4 3

Similarly, the cross~crrrelstion function for the sampled data was computed

using
N-k
Lo
RW(T)"TI'-T;Z VN + k
Nl (3.9)
and 3.9
N-k
R
Ryx(’)“N-kZ NN+ k
Nl

Crosg-8pectral Function and Estimatet The cross-spectral function
for two time serles 18 the Fourier transform of the cross-correlation function,

exactly as for the single record Fourler transform pair. Twuls cross-spectral

function, however, is mathematically & two-sided complex valued function

given by

P ’

Gy {T) = Lo (£) - 1 G(7) (3.10;

e e
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where Co . 18 the "co-spactral” function (even) and iQ’cy, the complex term, is
the "quadrature" function. The co-spectrum is s measure of the covariance
between the in-phese components of the two series; whereas the quadrature

spectrum iz a measure of the out-or-phase frequency components, the out-of-

v o s b o

phase being one-guarter pericd.
Eq. (3.10) may also be written

E L g e Bt

~1§ (#)
G, (£) = Iny(f)l e X (3.11)
where the modulus, or magnitude, 1s defined as i
loy, (O ={Leo, (17 + [ (7} (3.12)
and the phase angle ¢ by
o, () = i [q (£) /o (£)] (3.13)

The magnitude spectrum shows whether the "emplitude” of the component at a
frequency £ in series x 1s associated with & large or small amplitude at the

same frequency in geries y. The phase angle determines whether the frequency

componente in serles x lead or lag the components of serles y for & given

frequency.
In the date analysis, the raw cross-spectral sstimates were computed

for M + 1 discrete frequencies &t k harmonics corresponding to f = ka/M for

k=0, 1, 2, -ea, M by

. (3.14)

A cos (LE k) + (-ZL)k A, _]
X oM

Y
m -

LS

Co. :71’1"_A + 2
J.4 L o 1




* where

A =0.5 [ny(f) + Ryx('r)J =0, 1, o0, M

. - (3.15)
_ M-1

G =kn) B stn (LEE
r=l

where
B, = 0.5 [ny(") - ny('r)] r =0, 1y 2 een, M
Finally, the raw estimates were Hanned by the following:
cd (o)

cd (1)
od (k)

i

0.5 Co (1) + 0.25 Co (2)

0.5 Co (1) + 0.5 Co (2) + 0.25 Co (3)

[]

0,25 Co (k ~ 1) + 0.5 Co (k) + 0.25 Co (k + 1)
ad (M) = 0.5 Co (M) + 0.5 Co (M = 1)

M
L

-

Q' (0) = 0.0
Q' (1) = 0.5Q (1) +0.5Q (2) +0.25 q (3)

Q'(k) = 0,25 (k - 1) + 0.5 Q (k) +0.25 @ (k + 1)
Q' (M) = 0.25 @ (M - 1)

Coherence Functioni The coherence functlon may be gilven by

(£)
Con (f) =——y*(f)'—l—(—)' (3,18)
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where Gx and Gy are the variance spectral estimates. This form of the ccher-
ence funetlon is real-valued and has a magnitude renge from zero to one, It
is a measure of the correlation between time series x and time series y at
particular frequencles. If the value 1s zero, the series are sald to be in-
coherent at that freguency; if completely coherent, the value of coherency is
unity.

The coherence function was computed using the Hanned varlsnce spec-
tral estimates for digitized data given by Eq. (3.7) and Hanned co-spectral
and quedrsture estimates given by Eqe. (3.16) and (3.17). Thus,

LP- ' 2
[Co (£)]1° + [q (£)]
Coh (2£) = (3.19)

G; () G& (£)

18 the equstion used.

Rejectlion Filtration: A filter usumlly refers to an algebralc ex~
pression used on a set of data to isolate periodic components of a particular
slze elther to examine, modify, or remove these components Pfrom the set (Eddy
et al, Chap. 9). The process of filtering, when used in conjunction with
varlance spectrum analysis, is sometimes referred to as "prewhitening". This
implies that the spectrsl extimates are filtered in an attempt to flatten or
make more even the spectral estimates so as to resemble those of the "white
noilse" gpectrum to be discussed in Sec. C below.

As in nesrly all aspects of spectium analyses, indiscriminste (not
in a statlstical sense) use of £ilters may result in erronecus significant
peaks 1n the spectral lines.

The need for two spectral analyses, one using raw dats and another

using fiitered data, 1s evident in working with geophysical data involving

............... 4+ T Ty ek T
turbulence measurcments., In C IT




involved the mean wind and fluctumtions superinmposed on 1it. This mean wind
constitutes the longer waves. Intuitively, if the raw data sre used to coum-
pube the varisnce spectrum for a stable atmosphere at g helght above 5 m,
nearly all of the varlance will be concentrated toward low frequencleg. The
small amount of variance which is distributed among the higher frequencies
will be difficult to dlscerns Once the data have been analyzed to assess

the importance of the large low frequency spectral peaks, ithe data may be
filtered to reject the low frequencles. Thls sllows the higher frequencles to
be examined for fluctuations by performing & second spectrum analysls on the
filtered dsta.

In the sctual analysls, spectral estlmates were obtained using the
raw data (nommalized) and the results examined. Since the object was to re-
move the low frequencles for the second spectral analysis, a difference filter
given by y(t) = x(t) - x(t - 1) was used on the original wind components.

The gedn function of this filter is given by

Gain (£) = 2 |sin w £|

The computetion and graphical plot of this galn function is shown in Appendix
D. This spectral window multiplies the Hanned spectral estimates by (2-2cos2n?)
as shown in the appendix; therefore, 1f the "true" estimstes are required,
division by this value is necessary.

Another high-pass filter used in the analysis wasg the difference
f£11ter y(t) = x(t) - 0.6x(t - 1) which does not atte nate the low frequencies
as much as the previous one. The spectral estimat.s are multiplied by

(1.2 - 3.6co2nf) a6 a result of using this filter.
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i C. Spectrum Bepresentation and Slgnificance Tests

The varlance spectra of the horizontal components have been compubed

wsing normalized data snd the Hamned sgtimates., These are represented in the

Ths trend in geophysics has been to use logerithude

> simplest form: ¥£) vs. f.
representgtlion with the spectral estimale (2} as the ord’ave and log f as

the shscissa; also, £ ¢ F(£) ve. log £ is sometimes use’ g0 ay 1o represent
, the variance oy the areas between the frequencies.
: In the spectrum represenmtsiion, the absclssa ls the frequercy,
labeled from 0.00 to 0.50 cycles per data interval., The deta intervals in the
o real data are 2 seconds, 8 seconds, and 16 seconds.
If a data set consisting of N random numbers is used (N large), the
spectrum obtained is sald to be one of white ncise, for the total variance is
distributed non-preferentially (theoretically, equally) among all the lines.

Therefore, dividing the line variances by the total varisnce as follows

_ line variance .
Ly = Totel variance/M for k =1, 2, veey M-1
(3.20)
4
+Ine vardlsnce for k = 0 and M

Ly = Total variance/2M

- the "line ratios” are obtsined. The value of unity, then, should be the theo-

peticel value for white r~ise, Thus in the spectrum representation, the ordl-

nate values represent the ratio of the spectral estimate (line variance) and

the line variance from a set of reandom data.
Fig. 3.2 shows & spectrum of » set of 500 random numbers with a mean

The spectrum in (c¢) shows scme

value of zeroc and a sample veriance of 5.
Clearly, in

velues below the thacretical value of 1.0 and some values above.

onler for the null hypothesis of white nolse to be meaningful, confidence 1imitse

Ly
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are needed.

The white nolse hypothesls made in this analyses is that the spectral
estimates obtained from the wind data and those obtalned [rom & set of random
nubers are the same. Two confidence limits are computed; nemely, the & priord

_ } and the g posteriori. As the names imply, the former mgktes the hypothesis that

oy s

the estimates or line ratlos to be computed will have significantly higher
pesks st some cxgected frequencles, whereas the latter name implies that the
spectrum hes been computed and the peaks will be found. The a posteriorl
concept 1s explained by Eddy, et al (1968, pp. 261-65).

The confidence limits for white spectra were found to be as follows!

95% 1.99 & posteriori
1.50 & priorl
mean 1.00

5% 0.60 a priori
0.37 & pesteriord

These were obtained with & stochastic model which consisted of 500 spectrum
anelyses of 500 sets of random numbers. The procedure employed is slmllaer to
thet of a Monte Carlo simulation model., The detalls are given both by Duchon
(1968, Chap. V) and Almazan (1968, Chap. VII).

In spectral analysis of geophysical data such as that of horizontal
wind componente, large peaks in the low frequency range of the spectrum and
very iuw velues at the high frequencles are found whenever therc is a large
autocorrelation value at lag one, that i1s, & large degree of correlation

- between successive values. (It will be shown that this pettern is found in

21l cases except under extremely turbulent conditions.) This particular




feature way be anslyzed for statisticsl significance by assumt ¢ red noir>
hypothesis; that 48, assumling that the dats are the same ag those obtained by
& Tirst-order linear Markov process,
Gilmen, Fuglister;, and Mitchell (1963) have derived the following
equation for determining a femlly of red nolee curves:
2

L = s (3.21)
1 - 2p hm/M + p°

where p 1s the lag 1 sutocorrelation value, h is the harmonic and M 1s the
maximum lag. Note that i1f p = O, which is a zero correlation between successive
dats points, the spectrum is that of white noise. This is shown in Fig. 3.3,
which has normelized variance or line ratios ag the ordinate values.

For the red nolse hypcthesis, the 35 percent confldence limlt to be
shown in the spectra of laterel and longitudinel date were found by Tohdw
square over degrees of freedom”, or,X?/v. The effective degrees of freedom

for the Hanned spectra may be found by

v = 2N i M/2 (3.22)
where N 18 the number in the dats set (500) and M the maximim lsg. This
equation for finding effective degrees of freedom, Eg. (3.22), 18 explained
in Blackman (1966), and Eddy, et al (1968, Chap. 15).

The velues of coherence computed by Eq. (3.,19) were tested by use
of & table prepared by Mitchell (1966) by interpolation of values found by
fmos and XKoopsmans (1963). The 95 percent significance level is found ¢o be

0.283 for the Hauned spectrs of 500 values used in horizontal wind component

dats cross-spectra. Therefore, any value of 0.283 or higher was caken to be
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statistically signifilcant.

In nearly &3l of tne distributions, the skewness sigtistic and
kurtosls statistic were smaell values. Testing +the vaives for normelity mmy
be accomplished by computing the etandard error {one standard deviation) for
the skewness approximated by (6fH)l/2 {Brocks and Carruthers, 1953) where N
is the number of observations. The standard srror for the kurtosis may be
roughly approximated by (aa/N)l/ 2, These assume that the N cbservations ave
independent, which is not the case in most of the data samples. But the
autocorrelstion functions presents an indication of the degrees of freedom.
For exemple, if the autocorrelation value goes to zero at lag 50, then the
ratlo N/SO mey be used as the number of independent observstions; hence, where
Ne250, (-ﬁ%é)l/ 2 0,35 and (1.96 x 0.35) = 0.686 which means tust 95 times
out of 100 the skewness value shell be between -0.686 and 0.686 in a normal
distribution. The tests are based on the theory of errors and only glve &
first guese as to the normality of the distributions.

D, Analysis of Date Samples
1. Bvening Date Ssmples Taken at the BEepch Tower
Case I-BN: Beach Nighttime Sampling Period 1000 sec (2213-2217 CDT)

The autocorrelation functions for Case I-BEN are shown in Fig. 3.4(a)
and (b) for the lateral and longitudinel components, respectively. The inte~
gral scales for the longitudinul cane may be approximated for the 1 meter (m)
level. For the other two levels snd all three levels for the lateral component,
the functions show that perhaps & longer period is needed to approximate the
"scale." The functions for both the lateral and longitudinal components at
the 1 and 6.7 m (henceforth called the "7 m" level) levels show rapld up-and-
down motion or oscillations superimposed on the autocorrelation curve. This

mey be indicative of high frequency (short wavelength) compunents. Alsc, the
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function f7r the longltudinsl component at 1 m 1u similar to the -ne in Flg. 3.2
For S0 random numbers.

The normelized Hanned spectra for the latersl components are shown in
Bg. 3.5 {a), (b}, {c), for the 1, 7, and 27 m levels, vegpectively. Even sl the
lovest levels most of the variance 1s in the low fregquencies, in fact, nearly 60
precent of the total variance Is contained in the zero, lst, and 2nd havmonics.

Applying the null hypothesls that the pesaks are those of white nolse,
the hypothesis 1s rejected only for 0.0l cycles/2 sec at the §5th precentile.
The only conclusion one may draw here is that the data are from a process other
then white nolse. As the $ percent & posteriorl confidence 1imit {not drawn),
most of the high frequencles arc rejected at both the bottom and middle levels.
The value for the lag 1 autocorrelation at the 1 m level is 0.81; tharefore,
applylng the null hypothesis that the difference between the data spectrum ang
& red nolse spectrum is not significent, from Ea. (5.2) and a significance
test, <the 95 percent curve 1s drawn as shown in Fig. 3.5.

It 1s seen thet at frequencies 0.,00. 0.01, 0.40, 0.41, 0.42, and 0.46
to 0.50 cycles/2 sen, the hypothesis is reyeciea, This implies that at certsin
frequencies the wind component data may be similar to that obtained by a first-
order linear Markov process, that is, that the observation depends on the pre-
vious observation.

From Taylor's hypothesis discussed in Chapter III relating the time
t to the length x, and the mesn wind U, t = x/U, (referred to by Muam (1966)
as "frozen turbulence"), the frequencies may be converted to wavelengths.

For example,

p = 050 cycles/? sec _ 0.50 cycles
1.45 meters/ gec 2.90 mesers

(P)-l = 5.8 meters/cycle = 5,8 meters in wavelength
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Applying the white and red noige 95 percentile cmfidfence limits, *he sipni-
flceant frequencies at 1 m sre those corrvesponding t- 290 m, and 7.2 & and the

region from 5.3 m to 5.0 m 1in lengin.

Thisz gz=p in the slgnifleant frequencles; thal 18, ¢ 1@ lalge Space
between the significant Frequencies, 1s aot difficuli to Iw zlne sincz the
basic hypothesis in Chapter IT 1s that there iz a alswly va: “ing component
with & rapidly varylng frequency component superimposed. Thus, the slowly
varylng component is approxiumately 290 meters or larger in wavelsngth, and
the high frequency is approximately 7 meters and shorter, wiih the longer
waves containing wost of the energy.

At T m the 95 percentile of the red nolse hypothesis shows that the
sigunificant frequencles are 0,00, 0,01, 0,32, C.33, 0.3, 0.37, 0.45 through
0.50 cycles/? sec., These, with the exception of 0.00 cycles/2 gea, correspond
to wavelengths of 380 m and to the 12 m reglon and o the region between 8.4
and 7.5 meters.

At 27 m for the lateral component, the spectrum shows only the 0.00
and 0.01 (664 m wavelength) to be significant st the 95 percentile of the
white nolse and red nolse hypotheses. These two freguencles account for over
99 percent of the total vardance inddcating 1little, if any, =ddy energy such
as that found at the two lower levels for shorter eddies or wavelengths. 'This
may be substantiated by the S5 percent level of significance for white noilse
(not plotted) which indicates thai the values from frequencies 0.03 to (.50
night not be due to white nolse but to some other cause.

Prevw - “ening the data with a low-band pass filter given by the differ-
ence filter x(£) = u{t) - O.6u(t - l), the new analysis is shown in Fig. 3.6.
Agein, the low frequency reglon contaslns nearly 97 percent of the energy. A

difference filter of x(t) = u(t) - u(t - 1) applied to the data glves the auto-
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correigtlon function curve shown in Flg., 3.7 and s spectrum indicsting that
fre~ruencies 0.42, 0.47, 0.48 and 0.30 cycles/2 sec memy be significant st the
white nolse 95 percentile g posteriori confidence band. These correspond to
wavelengths of 15.8, 14,1, 13.8, and 13.3 meters. The red noise hypothesis is
not applied in this case beceuse the galn function has incressed the niddle
and high fregquencles so much that the nolse level may be amplified. This nolse -
may be attributed to the instruments, recorderm, digltizers, and truncation.
Duchon (1968) discusses the problem of instrument-induced red nolse as a fune-
tion of the time lag and shows that the longer the instrument time lag, the
redder the spectrum. This also depends on the sampling freguency. The con-
cluslon to be drawn from this 1s that the wave length of the physlcel wave may
be much longer thsn our sampling time will allow, l.e. the “window" being used
or the data at that level 1s too smell. Therefore, a ssmpling period longer
than 1000 sec should be used.

The sutocorrelation functions of the longitudinal componerts showed
that these Eulerisn time correlatlions reached lower wvslues than the lateral
components, but only the one for the 1 m level reached a value of zero.

The spectra of these longltudinsl components are shown in Fig. 3.8
for the three levels. The spectrum for the 1 m level clearly shows the energy
distributed over the enilre frequercy range. The 95 percent white nolse B pos-
teriorl confidence limit (1.5) shows the first 3 frequencles {plus the one at
0.00) and 0,36 and 0.37 cycles/2 sec to significantly differ from white
noise. The red noilse 95 percent confidence limlt further isolates the lower
frequencies and emphasizes the importance of 0.36 cycles/2 gsec and adds to the
hizher freguencies the 45th harmonic. These correspond to wavelengths of 290,
145, and 97 meters in the lower region and in the high region to about 8 and 6

meters. This compares with the wavelength of 290, 7 and 6 meters for the
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laleral component at the seme level. The short wavelength of 6 m is common to
both componente, the T7-8 meter wavelength is perhape common, but there are more .
wavelengths present in the longltudinal cowponent,
At the T m level the frequenciesg which might be significant for the
longitudinal component correspond to wavelengths of 380 and 190 metexs in the f
low frequency renge and to atout 11 to 8 meters in the higher frequencies.
Comparing these to the lateral values, the high frequency end is the same (8 m). :
The cther lateral wavelengths were 380, 12, and 9-8 meters. Again, there are i
more wavelengths present in the longltudinml cage. If a crude simplified model '
of the physical phenomenon were made based on these two levels, one could plc-
ture an eddy or perturbation resulting from differentisl heat radiation from
the earthtls surface with a horlzontal dimension of 200 to 4OO meters. 4As the -
eddy traveled along the wind, mechanical turbulence induced by the friction of
the surface boundary would produce the shorter wavelengths ohtained of 6 to 12
meters; furthermore, more of these "disturbances” would prevall in the down~
stream component. The greater energy found at the higher freguenciles 1n the
downstream case would come from the mean motlon, or longer waves.
At the 27 m level there is also more energy at the high frequenciles
for the downstream component. Prewhitening the data shows that the region
around 0.40 cycles/e sec (16 meter wavelsngth) might be significant ; &8 showm
in Mg, 3.9.
The cross-correlations of the lateral components and of the longitu-
dinal components are shown in Fig. 3.10. It appears that the sampling interval
is too short, especlally for the lateral components. However, the lateral
cross=correlations suggest that the correlation between levels is nearly the
same for the T t0 27 m and 1 to 27 m intervals (about 0.90) and the lowest

correlation is between 1 to 27 m (0.86). A poesible explanation for this might

et . .
S T
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be made with the simplified model of the eddy just diecussed. As this eddy
moves downwind, the surface retards the eddy st the lower layer. Thus the
covrelation bebween the lowest level and the next hicher one should be some-
what less than the correlation between 7 and 27 meters. Longitudinally, the
correlation between the levels is not clear, although 1t appears to be small.
The correlations obtalined with s loanger sampling perlod are disgcussed in the
next section for sample Case II-BEN,

The coherence Tunctlon given by Eq. (3.19) was computed for the intere
and intre~level components. Flg. 3.11 shows the coherence between the u and v
components at the 1 m level., The 95 percent g priori confidence limit is placed
at 0.283. The highest coherence is shown to be at the higher frequencies,
suggesting agein a semblance of "horizontal homogeneity” &t the short wave-
lengthe which mey be attributed to5 mechanicel turbulence.

The ssme results are shown in Table III.3 for the values equal to or
grester than 0.283. The table shows the highest coherence values at 0.37 and
0.48 cycles/2 sec at 1 m, end at 0.39 cycles/2 sec at the 7 m level.

Teble III.3., Significant Values of

Coherence, Cape I~BN

“-?§Bquency Tateral Component Long. Ccwponent
(eyc/2sec) 1-Tm T=2Tm 1-2Tm 1-To 7-27m 1-2Tm
.00 .938 .960 .988 .328 None
.01 .925 955 979 >.283
.02 .502 159 .293 <295
.03 849
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The coherence bestween the latersl components show high values at the
low frequencies for all three level intervals, l.e., 1 1o 7, 7 to 27, and 1 to
27 meters. The coherence between 1 and 7 m give values which are above the
level of significance at the 0.40 and 0.41 cyeles/2 ssc reglon. Thals corresponds
$0 4.6 n and 9.5 m wavelengths at 1 and 7 meter levels, respectively. This
could be intertzreted that as a wavelength of 5 m passes the 1 m Jevel, 8 9.5 o
wave ocours at the 7 m level. This suggests a broadening of the "eddy" upward,
&8s speculated in the earlier model. At the cther intervals, only the low fre-
quencies (long wavelengths) are correlated.

The coherence between the downstream components show significant
values at 0.35 cycles/2 sec between the 1 and 7 meter levels which correspond
to 5.4 and 10,9 meters in wavelengths. These are somewhet longer than for the
lateral compsnent (#:6 and 9.5 m) which might be explained as an elongation of
the eddies slong the wind, Between the 7 m and 27 m levels the silgnificant
wavelengths are 9.3 and 16-2 m, respectively, which suggests that the distur-
bance reaches at least to 27 m altitude and enlerges, but is only diecernible
in the longitudinel component. Between 1 and 27 meters helght there 1s no
significant frequency, which means that an occurrence at the bottom level was
not accompanled by a similer one conslstently at the top level.

A comparison of the integral scales of the longltudinal components
by taking one-quarter of the values at the zero intercept shows that the values
sbtained are approximately 2, 5, and 9 (seconds) for the 1, 7, and 27 meter
levels, respectively. This may be interpreted as an increase in the scales
upward in the longitudinal component. Thus, the "average size of the eddies"
may be said to increagse upward. (It should be noted, however, that the low
end of the spectrum is not precise because of the small "window" used in the

sampling period. Therefore, these values are only crude approximations.)
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Case II~BN: Beach Nightime, Sampling Period L0OO seconds
This sampling period includes the 1000 seconds of Case I-BN discusszed

ir the previous section; specifically, the first 1000 seconds are the zame.

LT N ,-.;;..‘..-u.-::e..smén-ﬁxddvrw
s ]

The autocorrelation functions for the lateral and longltudinal com-

P e

ponents nsing a sampling time of 4000 seconds are ghown in Pigs. 3.12 (a) and

- {v). (Since the sampling ‘aterval of one sample/8 seconds was obtained by
arithmatically aversging four one-sample-per-2-second values, this is tantemount
to using a low pass filter, i.e., filtering out some of the higher frequencies,) ;
The patterns suggest that the sampiing period is perheps adequate, becauge the ;
functions decrease as time incresses and attein or approach & value of zero

correlation. The functlons for both the 1 m and T m level longitudinal curves

elso indicete high frequency eddies superimposed on larger eddies.

The spectra of the lateral components for the 1, 7, and 27 m levels
are shown In Flg. 3.13 (a), (b), and (c), respectively, with the 95 percent
confidence limits for the white nolse g posteriorl hypothesls and the red nolse :

hypothesis for lag 1 autocorrelation. At the first level the frequencies

which may be slgnificent with the corresponding wavelengths using Taylorts

hypothesis are as follow:

0,00 cycle/8 sec

0.01 133.0 m
0.29 k6.1
0.30 44,5
0.39 34.3
0.40 33.4
0.45 29.7
0.46 29.0
0.50 26.7

It is seen tha’ this longer sampling period, while being a better window for
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computing the autocorrelations, sascrifices the smsller wavelengths. The spectra

&t the T m level shows significant peaks at 0,00, 0.01, snd 0,02 and &t 0.25
cycles/8 sec and also in the freguency region of 0.42 to 0.47 and 0.50 eycles/8
sec. This corresponds to wevelengths of 1672 and 836 meters, another of 67
meters, and aleo the reglon between 4O meters to 33 meters.

The lateral component at the 27 wm level shows pesks at frequencies
corresponding to 2632 and 1316 meter wavelengths and 126 to 120 meters.

The downwind component (FMg. 3.1k (a)) for the 1 m level shows
significant wavelengths of 1336, 688, and 445 meters for the long waves, and
about 35 meters for the short waves., The middle level shows significant wave-
lengths of 1672, 836, 557 and 62 meters and others between 42 to 38 meters.
At the top level the significant wavelengthz are 2632 m, 1316 m, and the 82 to
67 meter region and 53 meters.

The wavelengths computed from the significant wavelengths are shown

in Table III.L4 for the lateral and longitudinal components. It 1s seen that

Table IIT.4t Wavelengths Computed from
Significant Frequencies, Case II-BN

Im Tnm 2T m
Iat. Long, Iat, Long. lat. Long.
1336 1336 1672 1672 2632 2632
€68 668 836 836 1316 1316
Lus &7 62
45 35 4o 126 82
3k k2 120 67
29 36 38 53
27 33

for a sampling period of 4000 seconds (about 67 minutes) the eddy appears to
be elongated along the wind at the 1 and Tm levels because the shorter wave=-
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lengths are found with the lateral component. This table does not show the
relative enzrgy at these wavelengths. However, the spectra show the energy
+o5 be much less at high frequencies for the lateral component. Therefore,
mechanical turbulence appears to be the main cause of these eddles, and in the
period of just over one hour, an apparent elongation downstream of thoge eddies
18 noticed at the lower two levels.

At the shorter sampling pericd of 1000 sec (16.67 min), the smallest

eddies computed were of the same dlameter at both components at the lower levels.

This could still be the case because in the stable regime, the smaller eddles
could be circular in the shorter time period and the longer ones elongated down-
stream with time.

At 2T meters, the spectra (Figs. 3.13 (c) and 3.1% (c)) and Table III.b
show the longltudinal component with more shorter wavelengths with values of E
82 to 67 meters and 53 meters, and the lateral with values in the 126 to 120 ‘
meters reglon.

The cross-correlations hetween levels are shown in Fig. 3.15 for the
two components. The correletions for the lateral components are higher than
those of the longitudinal componente, indicating agaln longer wavelengths pre-
wominate in the lateral. Bu* more important is that during the period of 66.67
minutes sampling time, the correlation between the 1 m and 7 m levels 1s the
highest, with the 7 m to 27 m correlation the next highest, and the smallest
correlation between the 1 m and 27 w levels. This is true for both components,
indicating that perheps the eddies extend to at least 7 meters but to a lesser ;
extent to the 27 m level.

The correlation value of 0.90 for the lateral components between the
1 and 7 u levels, compared with a value of 0,54 for the downstream component,

support the assumption of mechanical turbulence because this would cause more
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eddy "diameters” to be Found downstream than between the two levels in the
lateral. These somewhat "constant” latersl diameters would give higher cor- i
< relations.
The magnitude spectra and coherence velues for the lateral components
are shown in Flg. 3.16. The magnitude spectrum is shown to 1llusirate that
the coherence may be a better parasmeter to use in the cross-gpectral anelyeis

of wind components. In bota Fig. 3.16 and Flg. 3.17, the magnitude values do

show some peaks in line variances, but these pesks are not as prominent as the

coherence values. As expected, the increases ln coherence values occur with

© e bl ebom

those of the magnitude spectrum since both parameters are computed using the
real and complex parts of the cross-spectra as given in Egs. (3.14) and (3.15).
The megnitude value is the magnitude of the vector in a complex plane in which
the co-spectrum is the real value and the quadrature spectrum 1ls the lmaginary
component .
In the high frequency region, only 0.33 cycles/B sec is significant
for the coherence values between 1 m and 7 meters. This corresponds to wave-
lengths of about 40 and 50 meters. The highest values of coherence for all
the cross-spectra in Fgs. 3.16 and 3.17 on the high frequency ends of the
spectra occur in the downstream components between 1 m and T m at 0.35 cycles/
8 sec, The wavelengths here are 38 and 48 meters which compare to 40 and SO
meters in the lateral. This may perhaps be interpreted as an "equilibrium"
dlameter for asn eddy, given the conditions in terrain, stability, and wind
profile. Between 1 m and 27 m, the coherence value is aleo the highest in the
high frequency region of downstream wind as shown in Fig. 3.17 (v). At this
frequency, the wavelength at 27 meters is 75 m and at the 1 meter level, 1t is
38 m, again 1llustrating that the eddy is perhape discernable at the high level

in the downstream component.
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As noted in the beginning of this gectlon, the autocorrelation
function crossed the zers interceyt in all data samples except the T m lateral
component. Therefore, the integral scale may be sssumed to exist for the reali-
zations investigated, The values obteined using the F{0) value of Eq. (1.24)
give approximstely equal valuee of 10 sec for sll 3 longitudinal components
and values of about 5, 6, and 7 sec for the lateral components at 1, T, and
27 meters.

Case IIT-BN: Beach Nighttime, Sampling Perlod 4000 seconds

This case covers the period of 66.67 minutes following the period
of Cese II~BEN, The atmosphere has become slightly more stgble.

The autocorrelation functions are show in Fig. 3.18. A comparison
of these curves to those 4000 seconds earller shows that the autocorrelation
curve for the 27 m level decresses more slovly with lag, indiceting perhaps
more energy in the low freguency end of the spectrum and less energy in the
high freguencies. The atmosphere has therefore apparently become more Stable
at this level. The wind speed of this offshc=e f1ow (land breeze) has increased
glightly at all three levels from the values one hour before.

The spectry for the 1 m level are shown in Flg. 3.19. As noted in
the previous cese, the longitudinal component has more relative variance in
the higher frequencies. The highest significant frequency without prewhitening
1s 0,50 cycles/B sec for the lateral and 0.40 cycles/8 sec for the longitudinal
components, which correspond to 30 and 37 meter wavelengths, respectively. The
eddy may be sald to be elongated with the wind in this case also.

At the T m level the spectrum (Fig, 3.20) of the longitudinal compo-
nent show more energy at lower frequencies at the high end of the spectrum
(0.36 to 0.41 cycles/8 sec) than that of the lateral component (O.Llk to 0,46

cycles/8 sec), which indicates longer waves, in general, longitudinally (42 m

va 4T m).
Th
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The spectra of the components at the 27 m level are shown in Fig. 3.21.

Nearly all of the energy is in the long waves. Prewhitening the data by the

filter x(t) = u(t) - u(t - 1), the spectra of the same components is shown in

Filg. 3.22. The longltudinal component is seen to contain significant peaks at

& higher low frequency, which corresponds to smaller wavelength, than the lsteral

conmponent (758 m ve 1516 m). For the rest of the spectrum, both components

appear to be sbout the same,

The cross~correlation between levels Tor the longltudinal components

are shown in Flg. 3.23, As in the previous hour, the correlation is greater

between 1 and T meters and least between 1 and 27 meters. The longitudinal

components correlstion (not sh0wn) also were similar to those of the previous

hour. The correletions longitudinally, however, were somewhat higher than

before, indicating more stable conditlona.
The highest value of coherence was agaln between the longlitudinal

components at 1 and 7 m at 0.34 cycles/8 sec. This corresponds to wavelengths

of b w and 57 m as compared to previous values of 38 mnd 48 meters. The in-

crease In wind speed and stebility probably accounte for these longer wave-

lengths.
Approximeting the scales of turbulence at P(0), the values obtained

are compared to values of the previous hour:

Case III-BN Case II-BN
Lat Long Lat Long
lm 8.0 gec 3.3 sec 10.0 sec 5.0 sec
7m 8.8 3.9 10,0 5.9
27T m 10.1 9.1 9.9 T.1
Cgse IV-BN: Beach Nighttime, Sampling Perlod 8000 seconds

The sampling period of BOOO sec or approximately 2 hours and 13
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minutes includes the two 4000 sec periods described sbove. As before, the 500
data points were cbtailned by averaging comsecutive date points. This time every
8 samples (1 sample per 2 seconds) were averaged, thus essentlally using anocther
low-pass Fllter which further attenuated the high frequencies., This practice,
while rather delicate because of the decimation which may occur (Blaclman, 1966
Chap. 10) is nevartheless preferable in this case gince the other recourse would
be to sample every B8th data point, which might lead to serious aliasing problems.

The mubocorrelation funetions ere shown in Fg. 3.2%. These show that
there is a trend in the latersl comporent dats and more trend in the longitudinal
component deta. {The cause will be discussed later in Sec. 2.) If these were
the only samples available for anslysis, it would be advisable to remove the
trend; e.g., by maans of a least squares routine.

The spectra of the components for the lower two levels are shown in
Fes. 3.25 and 3.26. The 27 m level data was prewhitened with a high-pess filter
in order to show the high frequency portion. The apectrum of these dste 18
shown in Flg. 3.27. The wavelengths which correspond tc the significant fre-
quencies are shown in Table III.5.

Table III.5, Wavelengbhs Computed From Significant
Frequencies Case IV-EN

Wavelengths (meters)

———

lat. T Tong. let. | ® Long. lat. > ®  Iong.
278 278l 3536 353 5536 5536
11392 1392 1768 1768 2768 2768
928 928 1845 1845
101 10k 1384
103 80 95 98 1107
99 7 86 86 198 923
62 66 Th T1 191 615
58 58 Tl
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In general, the slongation downstream is stlll present at the lower levels and
is more evident at 27 m. This does not contradict the eariier vesults for the
Looo sec sampling pericds because the longer averaging time might have smoothed
out the smaller wavelengths, or more likely, the longer sampling period does

not detect the smaller waves. During this long period of time, these long wave-
lengths, which do not necessarily have to be eddy dlameters per se but could !
be waves caused by the wind shear (or perhaps internal gravity waves), show the
aeffects of stabilization of the atmosphere.

2. Evening Dats Samples Tsken at the Cangl Tower

The time period of 2213~0027 CDT 18 the same as the Beach period.

The land breeze is the dominsnt featurs during the entire pericd. Light wirds
prevailed, especlally at the 1 meter level, at times becoming calm.

Although the wind directions were the same at both locations (northerly
flow), the canal site was under & more stable regime. The profiles of the dry
bulb temperature and wet buld temperature are shown in Appendix E for the canal
and for the beach {only the period from 0000 to 0100 CDIT are shown for the cansl
due to a malfunction of the dry buld thermistor prior to midnight). The canal
air temperature 1s warmer than the beach, indiceting thet the cooling efPfect
has passed at the canal site and has progressed to the beach. (The temperature
inversion shown at the beach 1s due to radiative cooling.) Subsiding sir is
present at the canal site causing the warmer temperature. The lowest layer at
the canal is etill cooler because of radiative cooling of the ground at 0000
hours. By 0100 hours, the subsiding air has warmed all levels and a more stable
reglme is present. The subsiding alr, belng drier and varmer, explains the
temperature profiles (both dry and wet) at 0100 CDT for the canal site.

Case I~CNt Canal Nighttime, Sampling Period 1000 seconds

This case 1s at the same time pericd (2213-2230 CDT) as Case I-EN
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for the beach site. Th» mean wind, however, 1s lighter for this location than

8% the beach.

The autocorrelation functions are shown in Flg. 3.28., As in Ceae I-

BY for the beach, the cuxves indicate longer waves laterully than longitudinelly.
The longitudinal curves for the two bottom levels show a rather sinusoidal con-
figuration; this could be attributed to the 1lght winds with occaslonal perlods

of calm. A longer sampling interval with averaged observations would perhaps

be better in this case. In general, the curves are similar to those of Case

I-BN (Figa 30#)0
The spectrur curves (not shown) for the three levels were used to

obtain the wavelengths shown in Tmble ITI.6. These wavelengths are sasociated

Table III.6. Comparison of Wavelengths at Beach and Canal
Statlons for Period 2213-2220 CDT

Canal I-BN

lm Tn 2 m
Long lat TLong Iat Long

332 332 470 kr0

Beach I-EN

im Tm 2T m
Iet Long Iat ILong lat Long Iat

200 380 380 664 664 162 162
1ks 190 332 332 166 166 235

97 12 11 14 17 6 110
13 15 3 3 10 83 13 15

7 65 9 9
55
bt
ar
15

with frequencies whose values were statistically significant. The wavelengths

~btained from Case I-BN are also shown for comparison purpciee. The computed

wavelengthe are & function of the wind speeds; therefore, a comparison of the
smallest or largest values cannot be made, because the winds are stronger at

{ Perhaps s point shown here is thai the slze of the smallest eddies
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or wavelengths are the smallest ones detected by this method of computation
using spectral estimates. That smaller sizes were present ls shown by using

the slower winds et the canal site, i.c., 3 meters at the canal vs § meters at

the beach. Furthermore, s sampling periocd of one sampie per second ccould theo-
retically give wavelengths half as long than those obtained.) The comperisons
which msy be mede are between the wavelengths which could be resolved st both
locationg and also the relative wavelengths laterally and longltudinally.

From the values showr, at the lowest level the horizontal "shape" is

circular at both locations. This circular configuration :mplied by the values

extends upward at the beach to 27 meters, but 1s not quite as evident at the

7 m level at the canal.
As in Case I-BN, & longer sampling period is needed to obtain more

general characterigtics to make a comparison of the two locatlons.

Ceges II-CN and III-CN: Canal Nighttime, Sampling Periods LOOO seconds

The autocorrelation functions for Case II-CN is shown in Fig. 3.29,
Compared to those from the beach location at the same period of 2213-2320 CDT
{Case TI-BN) shown in fig. 3.12, theae curves show more fluctuatlons in both
components and presumably more energy at higher frequencies longitudinglly.
In fect, Case III-CN shown in Fig. 3.30 for a perliod between 2320-0027 CDT 1is
more similar to the one at the beech in Case IT-EN (Fig. 3.12). This 1llustrates
that the land breeze regime which was at the canal location between the perlod
2213-2320 CDT is similar to the one present &t the beach one hour later, or
from 2320-0027 CDT, as presupposed by the tempersture profiles. At the canal,
however, the lateral components indicated more energy in the lower frequencles,
perhaps ceaused in part by lighter winds, implylng & more stable reglme.

The wavelengths computed from the significant frequencles of the

spectra (not shown) ere glven in Table IXI.7 for Case IT-CN and Case III-CH.
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Table ITI.7. Wavelengths Computed From Significent
Frequencies, Cases II~CN, IIT-CN, and JV-CN

, a1 (32032320 4. st (5]
lm Topg. T ek 2T m Long 2
T20 132k 1324 1872 1872 :
360 360 672 672 936 936 i
2ho 240 448 448 62k ' g2k %
: 33 180 53 331 103 168 i
20 19 51 265 53 375 ’
32 58 75
10 1k 55 L8
30 37 69
L2
_ T = 0,90 mps U = 1.68 mps T = 2.34 mps 37
' Case III-CN (2320-0027) L0OO sec Wavelengths (m)
Let 12 rong Lat "B rong Let m Long
§28 528 1672 18672 2505 25
Leh 16k 836 836 1272 1272 !
309 309 48 557 848 818
22 232 42 60 170 127
2k
19 34 i g ST 116
36 55 102
U = 1.16 mps T = 2.09 mps T = 3.18 mpe 88
Case IV-CN (2213-0027) 8000 sec Wavelengths (m)
Lat 1B g Lat T2 Long Lat 2 Tong
1616 16—5.‘2— 2044 2944 4oT2 L4272
808 808 1472 kT2 2136 2136
539 539 981 981 152 1091
37 85 164 Tho 119 237
32 43 155 103 100 225
32 73 63 95 214
66 159
€0 95
T = 1.01 mps U = 1.84 mps T = 2.67 ups 93
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There are two other differences between these two periods at the canal. The

first 1s that the mean wind was somewhat lighter during the earlier period (Case

B koot o st o,

- II-CN), The second difference is that the short wmves of the lateral and longi-

tudinal component are nearly eg -1 for the 7 m mand 27 m samples of Case II-CN,

LY

whereas Case IIL-CN one hour later indicstes an elongation with the wind as has
T already been observed at the beach site at the same sampling time.
The similarity of the canal period of Case III-CN with the later i

period of the beach has already been noted for the temperature profiles and the

ran

autocorrelation functions. The spectra also indicate s‘milar elongation of the

wavelengths with the wind for these two samples between the two locations.

As for the earlier cese for the Canal 1t might be deduced that, using
this method of analysis, light winds under stable conditions do not indicate §
an elongation of the eddies (or wavelengths). Instead, a circular pattern is :
denoted much the same as indicated using & shorter sampling period of 1000
seconds.

Case IV-CN: Cansl Nighttime, Sampling Period 8000 seconds

The wavelengths derived from the 800C second sampling period, Case
IV-CN, shown in TableIIl.7 also indicate a similar clrcular pattern; but the
mean winds are light, while the sampling period Is long. Therefore, at least
for these samples, there appears to be m connectlon between the magnitude of
the wind and the indication of elongation with the wind of the eddies, depend-
ing on the sampling perlod. It should be noted, however, that these cases of
light winde involve some perlods of calm, and are not steady winds of small
megnitude. These periods of calm might bc the cause of these dlfferences.

The autocorrelation functions of the components for 8000 seconds
sampling period are shown in FMg. 3.31. All of the curves indicate a trend

in the data samples. The trend indicated 1s longer and more evident than

9k
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that st the beach at the same period (see Fig, 3.24). The increasing wind
speeda, more pronounced at the cenal, mlight account for most of the trendj
however, some of the trend might be due to the gradual change in direction of
the wind.

3. Daytime Data Samples Teken at the Beach Tower

Cage TI-BD: Beach Daytime, Sampling Period 1000 seconds

This sempling period covered the period of 1000 CDT to 1017 CDT
when the wind direction was from the east. The regime could not be sald to be
a sea breeze but "becoming" a ses breeze, slthough the past history of an air
parcel would be maritime alr modified gs it went across about two hundred meters
of land.

Autocorrelation curves of the components shown in Flg. 3.32 show very
similar patterns between the lateral and longitudinal components, suggesting
perhaps an approach to horizomtel isotropy (the curves would have to be exmctly
alike at a glven level for isotropic turbulence). The curves show an indication
of near equal distribution of energy laterally and longitudinelly at s given
level; in the stable case the lateral component had most of the energy in the
long waves and the longltudinal component hed more energy distributed over the
spectrun.

The spectrs of the data for the 1 m level is shown in Flg. 3,33.
These are similar in the low frequency reglon which is agsoclated with wave~
lengths from 360 meters to 90 meters and the high freguency reglon of wave-
lengths of 8 meters. There are etill longer scales in the lateral component;
however, an approximation of the integral scale of turbulence by the energy at
the zero frequency gives a value of 4.6 sec for the lateral and a value of 3.3
gec Por the downstream component. (The same conclusion of relative scales

could perhaps have been reached by comparing the two autocorrelation curves
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for the 1 m level.) The local isotrople turbulence 1s implied because the
energy at the high frequency end is nearly the same for both components.

At T m (Plg, 3.34) above the ground, vhere the mean wind is essentially
the game {1.80 mps at 1 m and 1.82 mps =t 7 m), the low frequency portion of
the spectrum shows wavelengths of 364 and 182 meters for both components, and
about 14 meters on the lateral and about 18, 11, and 7 meters for the longi-
tudinal (downstream) componenis.

The long meandering wind in the lsteral sense for the stable case is
no longer present, for the longer wavelengths are essentially the same. As a
result of the sun's heating of the earth's surface, bouyancy or convective
forces are now contributing to the turbulence, as well ar mechanical effects.
This is shown in the "ecircular” pattern of the wavelengthe at the 1 m level.
At the other two levels, there are more high frequency contributions longitu-

dinally, as shown In Figs. 3.34 and 3.35. To seumarize, the approximate signi-

flcant wavelengths are shown in Table III.8. It appears that even though the

Table ITi.8. Wavelengths Computed From Significant
Frequencies Case I-ED

et 1% Lo et 1B reng Lat TR Iong
360 360 364 36k Lkl Ly
180 180 182 182 222 222
120 120 14 18 T 11
90 90 12 10
12 11 9

§ 8 7

wind is from the east, and has a maritime history, the swurface heating is enough
to create thermal turbulence. Also, at this sampling period the vpper levels
show some elongation laterslly. The increase in wavelengths upward 12 to & much

legser degree than with the stable case.
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The cross-correlation curves are shown in Fg. 3.36. There 1z high

correlation of the same components between levels, with the lowest value obteined

by correlatling the 1 mand 27 m levels. The correlations between levels 1 m and
Tm and between 7T m ard 27 m are nearly the came. Furthermore, the currelations
of the lateral components are nearly equal to those of the longltudinal components
for the same levels; in the stable atmosphere, the longitudinal correlations be-
tween levels were lower thet lateral correlations. This indlcates that the con~
vectlve type turbulence egually influsnces the horilzontal components, at least

up to the cize of wavelengths implied by this type of analysis.

An important femture shown in these correlations is that the winds,
although veering with time, do not veer simultansouwsly. It is rather difficult
to determine from the correlation curves which level 1s "ahead" of the other,
An examination of the plots of the comvponents for this time perlod does not
glve a clear plcture of the veering either. It was evident from studying the
"strip charts", such as the one shown in Appendix A, that a decrease in wind
speed took place during the transition period from the land-breeze 1o the seaw
breeze regiwe. This occurred first at the top level, then the middle level,
and th~ bottom level was the last to turn. The bivarlate statlstlcs computed
for the actusl components (Appendix F) sghow that Case I-BD from 1000-1017 CDT
and Case LII-BD from 1005-1022 CDT have the lowest mean wlids. These two cases
occurrad during this transition period.

Case III-BDNt Beach Deytime-Sampling Period 1000 eeconds

These are for the period 1005-1022 CDT for winds from an ESE direction,
thus traversing sl ghtly less land sree then Cese I-BD.

The correlation functisns are shown in Fig, 3.37; to a small degree,
longer waves laterally are Indiceted for the 7 m level and 27 m level. The

Ay 3 A m™

. . a1 R o m A a o o Vo~ '
spectea Jor the three levels are glven in Flgs. 3.39, 3.59, and 5.40. The
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figures in Table IIX.9 are obtained from these gpectra.

Table III.9. Wavelengths Computed From Significent
Frequencies, Case III-BD

m Lat 1B reng Lat T8 zone Tat 2T g :
380 380 350 350 426 ' h26
190 190 175 175 231 231 3‘
127 127 117 11 39 13
95 15 18 8 18 10 ;
16 8 14 7 13 9 :
8

The bottom level shows a somewhat circular configuration (local
horizontalisotropy) and the other two levels show a lateral elongation and
smeller wavelengths as in Case I-BD, The correlations also showed g similar
pattern of high correlations and indlcate the winds turned af different pericds
for the three levels.

Cage II-BDt DBeach Day, Sampling Interval 1000 seconds

In Case IT-BD, which occurred during the period immedistely following
Case I-BD, the wind started to increese in speed. The circular pattern in the
eddles extends to at lemst the 7 m level. The auto-correlations and spectra
are shown in Megs. 3.41 to 3.44. Note that even though the auto-correlation '
functions indicate longer weves laterally, the spectra still show ehough energy
at the middle and high frequencies to give equal wevelengths across-the-wind
and downwind. This 1s probably due to increased surface heating causing con-
vective turbulence to penetrate at least up to 27 m.

Cage IV-BD: Beach Daytime, Sampling Intervel 10CC seconds
Approximately thirty rinutes later at 1047-1104 CDT, the winds have

veered to the SE and are now delinitely of maritime orlgin. DBecause of the

increase in surface heating, the integral scales are smaller than those during
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the transitlion pericd from a land-breeze regime to g definite ges-breeze reglime.
Fig. 3.45 shows the auto-correlation curves for this period. The trend is
rather pronounced during this perlod and 1s due to the rapid veering of the
> i wind and not to the wind speeds as the winds d4d not incremse apprecisbly
S during these 17 minutes. At the 1 m level, the spectrum shows more distribution
' of th. energy among the entire frequency range, sl*hough long waves still pre-
dominate (Fig. 3.46). An approach to horizomtal local isotropy is implied by
the similer values at the high frequencies of the components. At 7 ®, the
spectrum (not shown) depicted equal wavelengths, end at 27 m, the lateral
spectrum gshowed higher frequencies were signific.nt; i.e., & longltudinally
elongation this time, Instead of lateral as in the previous three cases when
the wind was 1r the transition period.
Case V-BD7 Beach Daytime, Sampling Period 1000 seconds

Still later (1103-1120 CDT), the veering with time of the wind has
decreased as indlcated by the trend in the correlation curves of Flg. 3.47.
The energy is even mora uniformly distributed among the spectra as shown in
Flg. 3.48 for the 1 m level and & circular shape of the eddy is indicated for
this level. At the T m and 27 m levels:, an elongation with the wind is indi-
cated by the spectra in Flgs. 3.49 end 3.50.
Cases VI-BD and VII-BD: Beach Daytime, Sempling Periods 4000 seconds

These two cases which covered the perlods 1000-1107 CDT and 1103-121C
CDT are different because the Pirst perlod covers the transition from land
breeze to sea breeze; the latter period covers the pea breeze reglme only.
In this latter the significant high frequencies were the same for both compo-
nents; 1.e., equal wavelengths, for tre first two levels. Thus, the bouyancy

effect 1s notlceableat large wavelengths; e.g., about 43 meters st the bottom

level and 5% meters at the 7 meter height. The autocorrelation for Case VII-BD
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and the spectra for the two lower levels are shown in Flgs. 3.51 to 3.0..

The ecross-correlations between levels wers very high using this
longer sampling period, as shown in Pig. 2.54 for Case VI-BD, This implies
that the eddies or convective disturbasnce extends to at least 27 m both down-
wind and acrosg the wind.

b, Deytime Data Samples taken st the Canal Tower

In the investigation of the samples from the beach site, 1t was found
that the sea breeze phenomens wag observed 1o cause s gradual veering of the
winds with time. In this manner, the sea~breege may be said to travel inland
much the same way as the land.-breeze traveled toward the ses.

Because of this gradual movement inland, the canal site observations
did not register the same change in atmospheric regimes until a later time.
From the data obtalned, the winds at the beach veered to a sza-breere regime
between approximetely 1005 to 1015 CDT, whereas the canal wind changed betwsen
1155 to 1210 CDT, a difference cf nearly two hours between the two locations
4.8 kilometers {3 miles) apart. Therafore, not all of the data samples selected
for comparlson overlap in time.

Case I-CD: Canal Daytime, Sampling Perlod 1000 seconds

This case covered the period between 1103 and 1120 CDT; a period
dominsted by the lend breeze reglme with winds from the ENE.

The sutocorrelation curves for the two components are shown in Fig.
3,55. These indicate that 1000 seconds is an adequate sampling periud.

Another of the features is the similarity between the correlations of both com-
ponents. This 1s in splte of the land breeze domlnance. The affect of solar
radistion causing convectlve turbulence is thus the dominant factor here at all
three levels. Also, the similarity between the reapective curves may be indi-

cative of some horizontal homogeneity caused by this surface heating.
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The gpectra for the three levels are given in Flgs. 3.56, 3.57, and
3.58. The similarity between the spectra of the components at the .ame level
indicate & clese approach io horizontal locel isotropy; l.e., that the distri-
bution of the energy among the spectrum is invarimnt with respect to the coordi-
nate axis. The shepe of the eddies for this case 1s nearly circular with the
top level indicating slightly more energy at the high frequencies in the lateral
component, (elongation with the wind).

A compsrison of this case with the beach dats shows that the closest
comparison is with Case IX-BD for the pexriod 1017-1034 CDT when the winds were
already in the sea breeze regime. In this case, for the beach site, the shapes
of the eddies implied by the spectra were circular for the three levels. DBRefore
that time, the shapes Iindicated in Case I-ED and Case III~ED were clrcular st
‘the bottom and elongated lsterally at the top levels, This suggest that the
effect of surface roughness snd thermal convection on the high frequency end
of the spectrum are similar. For example, Case I~BD has lighter offshore winds
and stronger thermal convection whereas Case IX-ED has stronger onshore winds
and less intense thernsl convectilon.

The cross~correlation curves between the same components at different
levels is showm in Fig. 3.59. 7The correlations are nearly equal for both com-
ponents as expected, and the highest correlation 1s between the 1 m level and
the T m level. The correlations between the 1 m and 27 m levels and the T n
and 27 m levels are nesrly equal. Thus the eddy caused by convection may be
sald to be more evident between 1 m and 7 m, then between T m and 27 meters.

The curves also show that the veering of the winds implied by the
autocorrelation curves occurs with one level shead of the others, as was the
case st the beach. PBut these cross-correlations also show that the veering of

the winds at the three levels was not as organized as at the beach, 1i.e., there
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were more fluctuations at the canal during the period sampled. Again, this :
could be gtiributed to the heal convection.
- Case II-CDt Canal Daytime, Sampling Period 1000 seconds
@'; ) This case occurred durdng 1155-1212 CDT, or at noon. During this
. time the transition from & land breeze to a sea breeze occurred. As in the
- case studled at the beach site, the transition was characterized by m decresse
in wind speeds at all three levels.

The autocorrelation curves and spectra for the components &% the
three levels are shown in Figs. 3.60 to 3.63. More energy in the longitudinal ;.
long waves 18 indicated by the correlations; the spectra lend support to this. :

The cross-correlation curves of the components (Fig. 3.64) show
higher correlations between the downstresm components than between the lgteral
components, further supporting the indication of longer waves downstream at
this sampling interval and at these low wind speed values.

Case III~CDt Canal Daytime, Sampling Period 1000 seconds

About thirty mimrtes after the change to a sea breeze flow, the
stronger wind wvas from a line normal tu the cosst 1line; thus, a flow of mari-
time origin which had traversed 4.8 km of land during mid-day. The autccorre-
lation curves and spectra are shown in Mgs. 3.65 to 3.68. At the 1 m level
the spectrum (Pig. 3.66) shows a "circular" pattern at the higher frequencies,
corresponding to about 7 meters in wavelength and indicated local isotropy.

The two higher levels show a slight elongation downstream, e.g., the smaller
wavelengths at these levels were about 10 m laterally and 11 m longitudinally.

A comparison of these with the beach site (Cases IV-ED and V-ED)
shows that a similar slight downstreem elongation also occurred after the sea
breeze was in affect. Prior to that a latersl pattern was found in both loca~

tions, for the 7 m and 27 m levels at the beach (Cases I-ED apd ITI-ED) and at
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the 27 m level at the canal (Case III-CD).
Ceses IV-CD, V-CD, and VI-CD$ Ceanal Daytime, Sampling Perisds 3000 seconds

Thege cases for 1103-1210 CDT, 1155-1302 CD¥E, snd 1210-131T7 CDT all
included some of the transition period. As in the case of the components of
the beach study, the correlation curves show the trend for this longer perlod
(FPigs. 3.69 and 3.70). Because of the longer trends indicated in the data,
only general characteristics may be obtained from the spectra (Figs. 3,70, 3.71,
and 3.72). The general Pemtures of the 1 m level spectra included a similar
distribution of energy among the frequencies for both components at the 1 m
level, which is an indication of horizontal isotropic turbulence.

A comparison of these sampling perlods with those of the stable evening
cases indicates that these longer sampling periods do not show a& distinet pre-
ferred elongation with or scross the wind at the two upper levels, such as the
downstream elongation of the longer evening cases. During these longer sampling
periods, however, the cross-correlations between levels (Figs. 3.73 and 3.7h)
were again high both laterally and longitudinally compared to the evening cases
which had high correlations only for the latersl components.

Case VII-CD3 Canal Daytime, Sampling Intervel 8000 seconds

This case for the period 1103-1317 CDT showed that the sampling
period was longer than needed to do this type of study. The affects of the
veering and the increase in wind speeds combined to give a pronounced trend in
the data (Fig. 3.75). This would require & trend removal procedure before
further analysls could be made. But since it has been shown that e 1000 sec

sampling period was adequate for analysls of the daytime cases, the trend

removal was not done in this particular analysis.
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IV. SUMMA™ ' AND CONCLUSIONS

The hypothesis thet there are changes in the turbulent structure of
the wind caused by the earth's surfsce charascteristice and thermal variations,
and that these changes can be detected by spectral snalysis has been verified
by the wind observations taken at two towers erected approximately 4.8 lm
spart near the Texas Gulf comst. The particular data samples included the
land-sea-breeze phenomenon, which sallowed semplesa to be taken in onshore and
offshore wind flow during the course of a fourteen hour experiment. The wind
measurements were taken gt three elevations gt both towers. FPrevious studles
of the wind struvcture have been done using st most two elevatlons; moreover,
these earlier studles have not been made Iin a land-sea-breeze regime.

It was shown that by recording and digitizing the data electronically,
the spectra of the wind veloclty components may be used to postulate the wind
gtructure by testing the veriance spectral estimates for statisticel significance
with two hypothesis; namely, white noise and red nolse. The spectra depicted
in the figures are nct composite; but rather, each spectrum represents a data
sample. The confidence limits are shown in each figure. Furthermore, partly
because of the recording and digitizing techniques employed, the data did not
need prewhitening prior to the spectrsl analysis. Only in very stable (thermal)
cases was there a need to filter the data.

Throughout the date £ialysis, the assumption has been made that
Taylor!s hypothesls relating the mean wind, time, and space is true for all
dats samples studied for 1000 sec periods and LOOO sec periods. No attempt was
mede to verify the validity of this hypothesis=~ the experiment would have re-
quired many wind sensors pleced close together to obtain space correlations
and time correlations. Panofsky et al (1958) investigated the validity of

Taylor's hypothesis using date obtained by other experimenters and fourd &
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satisfactory agreement for low levels {or mtemities) of turbulence. The
general requirement 1s that the intensity be less then unity, as shownm theo-
retically by Gifford (1956). According to Liumley and Fanofsky (1964), the

limited informetion asvallable indicates that Taylor's hypothesis 1s generally

applicable except for low wave number components, 1.e., low frequency components,

of vertical velocity fluctustione. These were not considered in this study.
The bivariate statistlcs for the components are shown in Appendix F
for the daytime semples, using the actual winds. The same statistics for the
downstrean and lateral components are shown after the rotation of the coordi-
nate axes. The informgtlon obtained from the first is the wind direction
(approximate) measured with recpect to & North-South coordinate system, and
the steatistical parameters of the ﬁnd vector apd wind components. Rotating
the exes, of course, does not change the values of some of the parameters such
as the vector standard deviation of wind velocity, the vector coefficient of
variation, or the wind standard deviations along the minor and major axes of
the ellipse, since these are all Invariant with coordinate rotations. After
rotation of the axes, the intensity of turbulence, Su/f!, may be computed,
where Su 1s the sample standard deviation of the downstream component and ki
is the sample mean wind. The intensitles were all less than unity as shown in
the Tables F.3 and F.i. The values of the Beach samples were consistently
lower than those of the Canal. This is due both to smaller values of wind
speeds and greater standard devistions of the downstream wind. The smaller
wind speed values were a result of the land-breeze effect still observed in
the canal area whereas a sea-breeze had begun at the beach. The larger stan~
dard deviations of the dowmstream components were probably due to the convecs
tive forces on the relatively lighter winds at the lower measurement level,

and in some casBes, by the somewhat erratic pattern of the turning of the winds
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towards onshore flow at all levels caueed indirectly by the thermal convection
in the land area. As illustrated by Case ITI-CD at the canrl, even after the
winds were normel to the comst and with the submequent increase in wind speeds,
the standard devistions at all three levels were still high~ giving intensity-
of-turbulence values of 0.37, 0.39, and 0.32 for the 1 meter, 7 meter, and 27
meter levels, respectively. Panofsky et al (op. cit.) found that Taylor's
hypothesis was valid up to intensity values of &t least 0.26. An experiment
guch as the one proposed to test Taylor's hypothesis using a network of anemo-
meters over an extensive ares would be needed to determine the upper limit of
the intensity of turbulence for Taylor's hypothesis to be valid. For some of
the beach semples, however, the values at all three levels were well below the
0.26 value, e.g., Cases II-ED, IV-BD, and V-3D.

After the computation of the various statistical parameters and the
spectral analyses on the horizontal veloclty components, some of the findings
are sumarized as follow!

In the stable evening cases, where offshore flow or "land-breeze”
cccurred, ore of the prominent fegtures found 1s the long latersl meandering
waves. It 1s difficult to say whether mechanical turbulence is the foremost
cause of these long waves that appesr on the low frequency end of the spectrum
even though it 1s probably the cause of the turbulence which appears at the
high frequency end at the lower two levels. This 1B due to the fact that waves
appear to be quite separated from the rest of the spectra, i.e., generally only
the first one or two haxrmonics are significant. The adloining harmonlcs have
negligable energy, as shown, for example, in Fig. 3.5, for a 1000 sec sampling
period and Flgs. 3.13 and 3.19 for 4000 sec sampling periods for the beach
evening cases. Similar spectra were obtained from the cansl data. Perhaps

differential radiastional cooling over the flat terraln induced these waves.
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The longitudinpal component in the stable cases also showed more
energy at the low frequencies of the spectrs. In the spectrs of the lateral
component the energy was restricted to the first harmonic; while in the longi-
tudinal spectre, the energy wes distribubed among more of the lower harmonics.

A comparison of the two components to obtmin some geometric interpre-
tation at the high end of the frequency spectra shows that the smallest wave~
lengths detected by this method were on the order of 6 meters for the stable
cage gt the beach, and 3 meters for the canel at the 1 m level for both compo-
nents for the 1000 second sampling period. The suggested configuration occas-
glonally extended upward to the 27 meter level with increasing diameters up to
gbout 10 to 15 metere.

An increase of the sampling period to %000 seconds indiceted that
the smallest eddies detected were in the ordexr of 25 to 30 meters. This longer
sempling period shows that these eddles were elongated downstream. However,
in cases in which calm winds occurred during the sampling periosds such as those
et the canal site, the elongation was not detected. Because of these periods
of calm at the canal, the results for the ~teble cases should not be as rellable
as the beach data in which no calm intervals occurred.

The cross-correlations of the same components hetween levels showed
8 higher correlation laterally than downstream implying moze significant wave«
lengths along the wind. The correlatlons between the 1 m and 7 m levels were
higher than between 7T m and 27 m or 1 m and 27 m for the LOOO sacond periods.
Thue the 25 meter to 40 meter dismeter eddies were more discernable at the
lower levels.

The 1000 sec sampling periods wexre found to be inadequate for the
stable case to fully detect the longer lateral wavelengths. A LOOO sec period

was found to be better, in spite of the averaging process which caused high
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frequencies to be filtered. Howaver, for the unstable (daytime) case, the
1000 sec period was found to be sstisfactory. A sampling rate faster than 1
sample per 2 seconds was found to be desirable in some of the day cases whers
some possible allasing was indicated.

The effect of instabllity on the lateral component spectra was found
to be an increase of energy at the low frequencies and little change in the
high frequencies. Thus, it appears that more waves were superimposed on the
long waves of the stable case. An increase in wind, however, might have an
affect on the high frequencles, according to Lumley and Panofsky (1964), by

increasing the energy of the high frequencles. The evldence is rather limited

s R, WA a0

(e.g., Cases II-BED and III-BD) to reach any conclusions from this particular

study. For the longitudinel direction, thermal stability had some effect on ;

the low frequencles but not as much as in the lateral direction. Wind speed
should have affected the high frequency end as indicated by Ely (1958), but
as in the lsteral component, the only informmtlion of a stronger wind occurred
with an incresse in solar radiational heating. Therefore, 1t is difficult to
determine if the increase in wind was the factor in these increases 1n energy
at the high frequenciles.

The daytime samples for the 1000 sec periods showed that the smallest
eddies detected (9 to 14 meters) were elongated downstream st the three levels,
but as the solar radiation increased, the eddies at the lowest level became
eircular as horlzontal local isotropywas spproached (e.g., Cases IXI-CD, III-ED,
IV-ED, Vv-BD), The eddies did not increase in size appreciably upward as in the
stable case.

The cross~correlation between components at different levels for the
unstable cases showed high values for the longitudinel and lateral components,

implying distinct nearly circular eddies caused by convection. The correlations
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of the eame component between 1 m and 27 m wes consistently slightly lower than

those between 1 m - Tm, and T n - 27 m, sgain implying a more distinct eddy
- at the lower levels.

The cross-correlations alao showed that the winds 41d not veer simul-
taneously into a sea~breeze flow. The graphical plots indicated that the top
level turned first, and the bottom level last. The time interval, however, wes
on the order of a few minutes,

A comparison of the two locations during the daytime with onshore

et e i i, ot S G g imhﬁmﬂmmﬁ%ﬁﬁ%%

flow indicated that the spectra at the beach for the 1 m level showed propor-
tionally less energy at the low frequencies (Fig. 3.48) than the spectra at 1
m for the canal (Mg. 3.66). This could be due to wind of maritime origin
abruptly crossing a rougher and wermer surface and thus heving the energy dise
tributed among higher frequencies at the expense of the longer waves. For the
canal cases, which were at & later time, the increese in solar rediational
heating could account for the increase in energy found in the spectra. At
the 7 meter height, the increase was more pronounced at the canal site (Figs. i
3.49 and 3.67). At the highest level of 27 m, the comparison showed longer
waves at the beach than at the canal (Figs. 3.50 and 3.53). This could be 3
interpreted &s & loss in energy of the long waves due to convection over land. :
The explanastions thue given of the possible reasons for the informa-
tion obtained from the spectra imply that if the same three levels were measured
over the water, most of the energy would be in the long waves, with the longest
waves at the highest level. This hypothesis would have to be examined by con-
ducting such an experiment,
Cross-spectral analysis between the two towers for 2 1/2 hour-record
periods at night, showed the highest correlation between the lateral components

at 27 m; the next highest between the lateral components at 7 m and the lowest
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correlations between the lateral components at the 1 m level, and among all of
the longitudinal components. This should be expected since the 27 m laterel
components showad long waves 1o be the predominant feature. Because of the
mechanical turbulence longitudinally, the correlstions between the towers were
small. The coherence values were low for all the frequencles except for the
lowest frequency for all the cross-gpectra between the two towers, indicating
that the two time series were similar in long waves only.

The genersl femtures which appeared to be significant using 1000 sec
periods and onshore flow at the beach and offshore flow at the canal (daytime)
were the low correlation velues between the two towers but high coherence values
at the higher frequencies. Because of the different reglmes occurring simul-
taneously nesr midday, this could be interpreted as a detection of two types
of turbulence; mostly mechanical at the beach and the other caused by surface
heating under 1ight wind conditions at the canasl. This high coherence was not
detected st the higher levels,

The other cross-spectrs between the two towers for the 1000 sec period
showed negligible correlation velues and no significant coherence values. This
implies that two entirely different time series were being compared; that 1s,
thet the physical phenomens at the beach location were different from that of
the canal. The only exceptions were as mentioned above and also for the samples
taken 30 minutes after the sea breeze had begun. In these, there were high co-
hersnce values &t the 7 and 27 n levels for low frequency and high frequency
ranges for the downstream component. These two samples were not simultanecus,
but nearly two hours apart; & comperison 1s therefore lmpossible to make.

The coherence was found to be a very sensitive measure of agreement
between two series. (Bogart et sl (1962) also found this to be the cese, using

other types of data.,) Since the data were digitized electronically, the problem
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of noise in the high frequency reglon introduced by hand digitizing was not
present in the coherence camputations. g

Because of the mumerous types of dats interpretation which can be
made of spectral estimstes of wind components, (such as "power laws"), a
deliberste attempt has been made to present the spectra in graphical form.
Other Iinvestigators might find these of further use.

In oxrder tc make better inmterpretations of the wind phenomena, the

At g o e B b B By b

vertical component is needed. Although the measurement of thls vertical com-
ponent at three levels would necessitate different instrumentation, 1t is re-
commended that any future experiments include the three wind components. The
seme experimental procedures, data reduction, and spectral analysis @-scribed

in the text could be employed in the investigation of the three-component wind

structure.
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APPENDIX A

A.1 Sample Record of Analog Duta
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APPENDIX B

Samples of plots of the x « and y - comporents of Velocity

B.l
B,2
B.3
B.k
B.5
B.6
B.T
B.3

B.9

Case
Case
Cese
Cage
Case
Case
Cese
Case
Cese

Bc 10 C&.Be

B,1l Csse

IV-BN Beach Tower 1 m Level 12/2213-13/0027 CDT
IV-EN Beach Tower 7 m Level 12/2213-13/0027 CDT
IV~-BN Beach Tower 27 m Level 12/2213.13/002T CIT
IV-CN Canal Tower 1 m Level 12/2213-13/0027 CDT
IV-CK Cansl Tower 7 m Level 12/2213.13/0027 CDT
IV-CN Cansl Tower 27 m Level 12/2213-13/0027 CL®
IV-BED Beach Tower 7 m level 13/1047-1104 CDT
IV-BD Beach Tower 27 m Level 13/1047-1104 CDT
IV-CD Canal Tower 1 m Level 13/1103-1210 CDT
IV-CD Canal Tower 7 m Level 13/1103-1210 CDT

IV-CD Canal Towar 27 m Level 13/1103-1210 CDT
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